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INTRODUCTION 
The conventional triaxial shear test is primarily a means 
of determining two soil strength parameters --cohesion and 
angle of internal friction. The test has as a theoretical 
basis Mohr-Coulomb Failure Theory, which states that failure 
will occur along a plane when the angle between the normal 
stress and the resultant of the normal and shearing stresses 
is at a maximum. This state of stress exists when the Mohr 
circle intersects the Coulomb failure envelope. These most 
severe combinations of stresses that a material can sustain 
can be represented by a straight line (failure envelope) on a 
Mohr diagram. The slope of the line is indicative of the 
angle of internal friction, while the intercept represents co­
hesion. 
Triaxial shear tests are widely used today to determine 
soil strength and material properties. These tests are 
considered to be among the most reliable available. This is 
true despite the fact that conventional test procedures uti­
lizing constant confining pressures fail to correctly model 
field stress conditions. This shortcoming has been described 
as being unimportant since it has been shown that variations 
in test procedures, such as the use of decreasing confining 
pressures, produce similar failure envelopes. On the basis 
of such comparisons, investigators have concluded that 
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cohesion and angle of internal friction are independent of 
stress path, or stress history during conduct of the test. 
Stress paths replace Mohr circles on Mohr diagrams with 
stress points (usually points of average principal stress 
and maximum shear stress) , allowing a single line to repre­
sent an infinite number of stress states. Complicated stress 
histories can therefore be concisely described with stress 
paths, contributing to a better understanding of soil 
mechanics. 
It is recognized, on the other hand, that stress-strain 
properties are significantly affected by the choice of stress 
path. No objection is made to either of these conclusions; 
however, it is noted that the customary use of constant con­
fining pressures represents an arbitrary selection of stress 
path. Other stress paths exist which are equally "correct" 
in terms of measuring soil strength properties, and may lead 
to more realistic stress-strain relationships that are rele­
vant to the prediction of settlement. 
A method of triaxial shear testing is presented herein 
which attempts to more closely model observed soil behavior 
than do conventional test procedures. The method provides a 
rational basis for increasing confining pressure period­
ically as axial stress develops continously. The amount 
of confining pressure applied is determined by the perfor­
mance of the soil specimen, and by a mathematical model of 
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the soil behavior in a method referred to as "performance 
feedback". This model applies to both ideal elastic and 
ideal plastic behavior and to non-ideal intergrades, as it was 
developed through theory of elasticity but applied on an in­
cremental basis. The test is considerably less arbitrary than 
conventional procedures because in situ vertical stress, 
planned increases in vertical stress (if applicable), 
drainage conditions, and strain-rate are the only test 
options. Most importantly, and unlike previous attempts to 
model field stress situations, this test uses no estimated 
or previously determined soil properties. 
The practical advantage of this admittedly more complex 
test procedure hopefully is a better method for predicting 
settlement before actual failure of the soil, as well as for 
determining the failure envelope. In particular, the approach 
should give more realistic soil moduli for use in finite ele­
ment method solutions. 
Because of the versatility of triaxial shear test pro­
cedures in general, it was necessary to limit the scope of 
this research to a theoretical development of the test and 
its procedures, and to laboratory and field studies related 
to estimating settlement and determining soil cohesion and 
angle of internal friction. 
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LITERATURE REVIEW 
Triaxial shear test data are normally presented according 
to the Mohr circle representation and analyzed on the basis 
of Mohr-Coulomb failure theory. Understanding of soil me­
chanics principles is greatly enhanced through the stress-
path concept; hence, both the Mohr circle and stress-path 
representation of typical triaxial shear tests are presented 
in Figure 1, Spangler and Handy (20). In Figure la, the ab­
scissa represents the principal stresses, while the ordinate 
represents the shear stress. The dots represent specific 
selections from the infinite number of stress states existing 
in a specimen subjected to unequal principal stresses. By 
selecting the top of each circle, i.e., the point of maximum 
shear stress, each circle is uniquely defined by the coordi­
nates of the point, allowing a single point to represent the 
entire Mohr circle. Figure lb shows how a sequence of stress 
states can be represented by a single line (stress path) con­
necting these points. Because these points refer to the maxi­
mum shear stress and average principal stress, the abscissa 
and ordinate are designated p and q, respectively. Figure Ic 
presents the relationship between the stress-path notation for 
the failure state (K^ line) and the Mohr-Coulomb failure enve­
lope, or line of common tangents to the Mohr circles. Stress 
paths are really nothing more than alternative representations 
D 
I 
45 II 
a* 
P 
T 
a 3 
Figure la. Mohr-circle representation Figure lb. Stress-path representation 
of stress states. of stress states. 
tn 
Mohr-Coulomb failure envelope 
Stress 
Paths 
Figure Ic. Relationship between stress-path notation for the failure 
state and the Mohr-Coulomb envelope. 
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of stress states that facilitate the description of compli­
cated stress histories. Stress-path notation will be used 
throughout to demonstrate the physical concepts which underlie 
the test procedure. 
The need for improved triaxial shear testing can be ap­
preciated somewhat through examination of the work of Pro­
fessor K. Hruban (8), who investigated a seemingly unrelated 
topic--"Sources of Error in Settlement Estimates". In his 
investigation, Hruban performed a conventional triaxial shear 
test and a consolidation test using similar soil samples. He 
physically demonstrates that the axial compression of a con­
solidated triaxial specimen subjected to a certain increase in 
axial stress under conditions of constant confining pressure 
can be several times smaller than that observed in an 
oedometer specimen subjected to the same increase in level of 
axial stress, under conditions of zero lateral strain. He 
explains the difference on the basis of the magnitude of the 
lateral pressures on the samples. In the case of the oedo­
meter test, the lateral pressure varies and may be as little 
as one-half the applied vertical stress, no matter what the 
in situ lateral stress condition might be. That is, much 
higher values of lateral stress frequently exist in the field 
as a result of removal of overburden by erosion or melting of 
glaciers. This has been an informal justification for the 
7 
initial consolidation of triaxial specimens under confining 
pressures equal to the overburden pressures. Under these con­
ditions, Hruban found that the compression of a triaxial 
specimen under subsequent axial loading was 8.7 times less 
than that measured in the oedometer test due to the same in­
crease in level of axial stress. 
Hruban extends his argument by noting that the strain 
which occurs in the vertical direction depends upon all three 
normal components of stress in the following manner: 
+ Cy)}/E (1) 
If lateral stresses are equal to zero (a^ = = 0), then 
axial strain is equal to: 
= ^z (2) 
On the other hand, if the product of Poisson's ratio and the 
sum of the lateral stresses equals the vertical stress, axial 
strain will be zero according to Equation 1. 
These exercises in theory and laboratory test procedures 
demonstrate the influence that confining pressure, stress ra­
tio, and stress path can have on stress-strain properties 
measured in the laboratory. Hruban concludes that, "Those 
methods of settlement computations, which disregard the very 
important effect of horizontal pressures on the compressibil­
ity of soil elements, are bound to give unreliable results." 
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Many triaxial test procedures are designed to subject 
specimens to initial stresses which approximate in situ stress 
conditions. The crudest approximation is made in the conven­
tional triaxial shear test procedure in which, as previously 
mentioned, a specimen may be consolidated under an all-around 
confining pressure equal to the overburden pressure before 
shear begins. Because confining pressure is constant, stress 
ratios are at all times unrealistic. 
A better approximation is made by test procedures which 
consolidate samples anisotropically on the basis of an esti­
mated relationship between in situ vertical and horizontal 
stresses in terms of the coefficient of lateral earth pressure 
at rest (K^) defined by Alpan (1) as the ratio of the minor 
and major principal effective stresses under conditions of 
complete confinement (zero strain) in the direction of the 
minor principal stresses: 
Generally, the vertical overburden pressure is the major prin­
cipal stress, leading to the more familiar expression: 
(3) 
K 
o E h=0 
(4) 
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can be measured in the laboratory using techniques de­
scribed by Bishop and Henkel (2), Brooker and Ireland (3), and 
Komornik (14). In practice, is usually estimated from 
empirical relationships obtained throuph theoretical analyses 
and correlation with test data, such as those discussed by 
Alpan (1) and presented below: 
Kg = 1 - sin (t>' Jaky C5a) 
= 0.9 (1 - sin<{>') Fraser (5b) 
= tl -v 2/3 sin (1 ; 4;; Kezdl (Sc) 
= 0.95 - sin (p' Brooker and Ireland (5d) 
As evidenced by Figure 2, expressions 5b, c, and d produce 
very similar results. 
Anisotropic consolidation is accomplished by applying in­
crements of confining pressure equal to the product of an as­
sumed constant value of and the amount of axial stress de-
o 
veloped. The stress path is straight and inclined to the ab­
scissa by an amount 3 given by Equation 6: 
1 -
e = r-nr 
O 
T. W. Lambe's (16) stress-path method of estimating set­
tlement is a triaxial shear test procedure which includes ani­
sotropic consolidation as described above. Lambe has extended 
10 
1 . 0  
- 1 - sin •' 
0 . 8  
-K = 0.9 (1 - sin *') 
0 . 6  _  s. ;KQ = 0.95 - sin (})' 
\ 
N 
\ 
V 
0.4 
0 . 2  = (1+2/3 sin *'] 
(1 - sin (f)') 
(1 + sin (j)') 
_L I 
0 5 10 15 20 25 30 35 40 45 
Angle o£ Internal Friction (Degrees) 
Figure 2. Several proposed relationships between and cp'. 
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the principle of varying confining pressure with axial stress, 
however, to the case of modeling the application of foundation 
loads. Lambe summarizes the stress conditions to be modeled 
in the triaxial test as follows: 
= yZ = overburden stress (7a) 
= estimated horizontal stress (7b) 
a^£ = yZ + AOy = final design stress (7c) 
a, r = cr + final design horizontal 
^ stress (7d) 
The anticipated increase in vertical and horizontal stress is 
obtained through theory of elasticity, which results in stress 
paths composed of straight line segments. This method is con­
sidered to represent a significant advance in the study and 
practice of soil mechanics. 
Another test has recently been developed which provides 
for an increasing, rather than a constant, confining pressure. 
Conceived by Dr. R. L. Handy and Professor J. M. Hoover of 
Iowa State University, the Iowa Continuous K-Test (7) is used 
to evaluate shear strength and deformation properties of la­
boratory compacted Proctor specimens. Lutenegger (18) de­
scribes the development, theory, and performance of this lab­
oratory device and a later model used to test Shelby tube 
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samples. The laboratory device consists of a split, cylin­
drical steel section having a large, off-centered hole as 
shown in Figure 3a. The Proctor specimen is inserted into the 
oversized hole of the device and loaded vertically through a 
disc. When the specimen has expanded sufficiently to contact 
the inside walls of the device, lateral stress is applied by 
the expanding walls of the device. The magnitude of the ap­
plied lateral stress is obtained through a calibration of the 
internal pressure required to expand the device. Figure 3b 
is a typical stress path produced from the K-Test, from which 
cohesion and angle of internal friction can be determined. 
One unique feature of this test procedure is that the 
amount of lateral pressure applied by the device is a function 
of the elastic characteristics of the device, which typically 
are constant, and the variable soil properties. The stress 
path, cohesion, and angle of internal friction determined from 
the test are likewise functions of the same properties. While 
making the stress path a function of the soil properties is 
highly desirable, the apparatus does introduce serious compli­
cations that limit the usefulness of this test. The fact that 
the stress path is a function of the properties of the device 
indicates that the measured soil properties are arbitrary in 
nature. Furthermore, varying the height : diameter ratio by al­
tering the relative influence of side friction changes the 
13 
Figure 3a. The lowà Continuous K-Test Apparatus. 
M 
fVJ 
tn 
b 
I 
II 
o' 
0 10 20 30 40 50 60 70 80 
p = + a^) /2 (psi) 
Figure 3b. Typical stress path from the 
Iowa Continuous K-Test. 
90 100 
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measured values of cohesion and internal friction. In spite 
of this drawback, the Iowa Continuous K-Test represents a sig­
nificant advance in rapid, evaluative testing and understand­
ing of soil behavior. Also, the goals of this test are 
essentially the same as those of the incremental triaxial 
shear test. 
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THEORETICAL DEVELOPMENT 
Basic Test Procedure 
Philosophy 
If shear strength parameters are independent of stress 
path, it should be advantageous to select a stress path that 
gives valuable additional information rather than one that is 
merely convenient. This can be done through the use of more 
realistic stress paths. T, W. Lambe (15) developed and tested 
a "Stress-Path Method of Estimating Settlement" by reproducing 
in triaxial shear tests the stress paths anticipated in the 
field. The procedure was developed as an alternative to the 
oedometer test, and furthermore is based upon estimates of 
several important parameters, as will be discussed. Upon 
reaching the anticipated final design stress state, Lambe's 
stress-path test may be allowed to revert to a conventional 
triaxial shear test in order to ascertain the stresses at 
failure, as well as the estimate of settlement. Such a com­
bined stress path is shown in Figure 4. 
One-dimensional consolidation is modeled in the first 
phase of Lambe's stress-path test by maintaining confining 
pressure equal to the product of an assumed value of K^, or 
the coefficient of lateral earth pressure at rest, and the 
vertical stress until the in situ state of stress is reached. 
The application of structural loads then is modeled in the 
16 
failure 
o 
r 
t-H 
D V—> 
cr 
P = /2 
Figure 4. Stress path for Lambe's stress-path method 
combined with that of the conventional 
triaxial shear test. 
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second phase of the test through the use of an assumed K, or 
coefficient of lateral earth pressure, defined as the ratio of 
increased lateral to increased vertical effective stress prior 
to failure. Although K cannot be evaluated theoretically, 
theory of elasticity has been used to predict the final design 
state of stress. Based upon the anticipated field stresses, 
it is a simple matter to determine a value of K which will 
produce the desired stress state in a triaxial shear specimen. 
All of the information needed to make settlement estimates is 
available when the final design state of stress is achieved. 
A modification to Lambe's stress-path method suggested by 
the author would allow additional information to be obtained 
from the test which is useful for calculating a factor of 
safety against bearing capacity failure in the case of satu­
rated soils. The modification is that, after the design state 
of stress is achieved, the test may be conducted in the con­
ventional manner until failure occurs, demarking one set of 
failure stresses. The corresponding effective stress paths 
culminate at the line, at which time the soil specimen is 
in the failure state, and would appear as in Figure 5. If 
strength parameters are indeed independent of the stress path 
followed, the above series constitutes a very credible test 
procedure. 
Settlement predictions made by Lambe (16) from his method 
have been quite accurate, a logical reason for its success 
18 
K) 
d 
Stress Paths 
cr 
2 
Figure 5. Stress paths and Kf line from an idealized 
triaxial shear test series. 
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being that it recognizes that lateral and vertical stress 
within a soil mass increase simultaneously when load is ap­
plied rather than for the lateral stresses to remain constant. 
The strains associated with the more realistic stress paths 
obviously should be better predictors of settlement due to 
a more accurate modeling of soil behavior throughout the test. 
An obvious drawback in Lambe's stress-path method is the 
need to estimate K and K, the coefficients which determine 
o ' 
the stress path to be followed in the test. K^, the coeffi­
cient of earth pressure at rest, represents the ratio of lat­
eral to vertical effective stress within an undisturbed soil 
mass subjected only to self-loading. Associated with this 
state of stress is the condition of zero lateral strain. This 
condition arises during sedimentation over a large area, or 
under a continental glacier, where only vertical strain can 
occur because of the tendency for all soil elements to inter­
act laterally. 
The coefficient K represents the ratio of increased lat­
eral to increased vertical effective stress within a soil mass 
subjected to more localized loads. Lateral strains develop 
tending to reduce the stress ratio, as for example when a 
localized vertical load is applied to a soil mass or an exca­
vation is made. An equation for evaluating K directly does 
not exist in classical soil mechanics, and it is important to 
recognize that the coefficient only applies to stress states 
20 
below the failure envelope where shear strength is not fully 
developed. 
In contrast, represents the coefficient of active earth 
pressure, which applies when the Mohr circle of stress is in 
contact with the Mohr-Coulomb failure envelope. Both and 
are commonly estimated on the basis of theoretical or em­
pirical formulas involving the soil angle of internal fric­
tion, itself often an estimated parameter. For example, 
can be calculated through the use of an equation put forth by 
Jaky (10) : 
= 1 - sin (j)' (8) cf. Lambe and Whitman (10.1) 
While this is an intuitively appealing formula which has been 
largely substantiated through empirical data, its theoretical 
development has been questioned. 
Alternatively, the condition can be maintained by 
monitoring radial strain (actually diametrical expansion) 
during the test and applying sufficient confining pressure to 
nullify the observed strain. The stress path generated by 
this procedure need not be linear and could potentially model 
soil behavior in a better fashion than through the use of a 
constant coefficient. More importantly, the conduct of the 
test would be governed by measured soil properties rather than 
by assumed properties and relationships. 
21 
can be calculated for a cohesionless soil on the basis 
of theoretical relationships such as Equation 9. 
1 + sin cf. Lambe and Whitman fl3.1) 
This coefficient represents the stress ratio at a stress state 
on the line. Figure 6 presents the relationships between 
(j) ' and both and K^. At each value of (p*, is seen to be 
theoretically less than the corresponding value of K^. Fur­
thermore, it will be shown that the coefficient K [as yet 
undefined) must be less than if the second segment of the 
stress path is to intersect the line. 
The relationships between these coefficients and the re­
sulting stress path for a cohesionless soil can be appreciated 
through study of a simplified, three-segment stress path and 
the corresponding plot of lateral versus vertical stress. 
Figure 7a portrays the stress path, line, and Mohr-Coulomb 
failure envelope for a soil having an angle of internal fric­
tion of 30° and zero cohesion. This stress path would be fol­
lowed by consolidating the sample anisotropically to the over­
burden pressure, and then increasing the vertical stress while 
maintaining the confining pressure constant. At the point 
where the second segment of the stress path intersects the 
line, the sample would fail completely unless additional 
confining pressure were applied. The stress path can be 
22 
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Angle of Internal Friction (Degrees) 
Figure 6. Relationship between angle of internal friction 
and earth pressure coefficient and K^. 
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Figure 7a. Stress path, Kf line, and Mohr-Coulomb failure 
envelope for a cohesionless soil having an 
angle of internal friction of 30". 
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Figure 7b. Relationship of confining pressure to axial 
stress from the same test. 
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advanced along the line if the ratio of increased confin­
ing pressure to increased vertical stress is maintained at 
ka-
Figure 7b presents the corresponding values of confining 
pressure and vertical stress from the same idealized test. 
The slope of each line segment represents the coefficient for 
that portion of the test. Study of Figures 7a and b reveals 
that the largest coefficient will be used during anisotropic 
consolidation. It is also evident that the coefficient K used 
during the second period of loading can be no larger than 
if the stress path is to intersect the line. The value of 
K used to model the application of foundation loads is thus 
bounded by values of zero and K^. 
No coefficient has been defined in classical soil mechan­
ics which can be used to govern the conduct of the test during 
the second segment of the stress path. An accepted practice 
for determining the second leg of the stress path involves the 
evaluation of vertical and horizontal stresses under various 
degrees of surcharge or foundation loads. This is most often 
done using elastic solutions such as those derived by 
Boussinesq. It is noted that the solutions for horizontal 
stresses require a value of Poisson's ratio, which is commonly 
taken as being equal to 0.5. 
Lambe's stress path test thus requires three estimated 
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parameters: K^, vertical stresses, and horizontal stresses. 
In spite of drawbacks in the methods for calculating these 
stresses and coefficients, the resulting scheme for increment­
ing confining pressure evidently functions well, because the 
resulting stress paths do realistically represent soil be­
havior. The method could be improved if these coefficients 
were determined on the basis of soil properties measured as 
the test progresses, and then fed back into the system to 
govern the conduct of the test. This would eliminate the es­
timations for soil properties, which may introduce unknown 
error into the test results. 
In regard to the coefficient K, it seems somewhat incon­
gruous that theory of elasticity should be employed success­
fully with such a demonstratively inelastic material as soil. 
Not only are plastic strains observed at the lowest stress 
levels in soils, but stress - strain relationships tend to be 
curvilinear throughout. Furthermore, Lambe and Whitman (17) 
suggest that the error involved in elastic solutions may be as 
great as twenty-five percent. There is little justification 
for this alliance, unless of course it works. The success of 
theory of elasticity in this and other applications has not 
been adequately explained; however, its widespread use cannot 
be denied. 
Equation 10 is Boussinesq's solution for vertical stresses 
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induced at points below applied surface loads: 
AOg = (10) cf. Spangler and Handy (17.1) 
where 
P = applied load 
Z = depth of point below surface 
R = length of vector from point to point of load 
Equation 10 contains no reference to soil properties; however 
a constant modulus of elasticity throughout the stress incre­
ment is assumed. .Terzaghi (21), in discussing elastic solu­
tions, limits their application in soils problems to situa­
tions in which the factor of safety with respect to plastic 
flow exceeds a value of three. One might rephrase this cri­
terion, with a good measure of liberty, and suggest that the 
application be limited to situations in which the modulus of 
elasticity can be taken as a constant. 
The stress states in a triaxial shear test obviously fail 
to meet Terzaghi's criterion because failure is achieved; 
hence,' no single value of elastic modulus can be used to char­
acterize the soil's stress-strain relationship throughout the 
test. However, over short intervals a single modulus can de­
scribe stress-strain relationships of soils with reasonable 
accuracy. This is true for initial portions of the test when 
the relationship is approximately linear, as well as through 
27 
nonlinear portions, provided the intervals are sufficiently 
short. Theory of elasticity applied on an incremental basis 
can thus characterize both elastic and plastic behavior of 
soil in the triaxial shear test. This potential for charac­
terization of both types of behavior warrants an examination 
of such an application of theory of elasticity to triaxial 
shear tests on an incremental basis. 
Theory 
Equations 11, 12, and 13 relate principal stresses and 
strains for an isotropic, homogeneous, elastic material. Com­
pressive stresses and strains are considered to be positive, 
and E and v represent Young's modulus and Poisson's ratio, 
respectively. 
e ^  = {a ^  - V (Oy + a^) ) /E (11) (12.5a) 
e„ = {o\r - V (a^ + a,) } /E (12) cf. Lambe and 
y y X z Whitman (12.5b) 
= {O; -v(Gx + Oy)} /E (13) (12.5c) 
If one inserts in each equation suitable notation to represent 
the incremental nature of the proposed test, then solves for 
E, one obtains: 
E = {Ao^ - V  (AOy + Aa^)}  /Ae^ (14)  
E = {AOy -V (Acr^ +  Ao^)}  /Ae^ (15)  
E = {Ao^ - V  (Ao^ + Acy)  }  /Ae^ (16)  
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Based on the assumption of isotropy, one can equate Equations 
15 and 16. By then recognizing the equivalence of the stresses 
Aa^ and Aa^ and the strains Ae^ and Ae^. in the triaxial shear 
test, one obtains: 
Aa - V C2Aa ) 
E = — ^= 
ae^ 
à O y  -  v (aoy + aa^ ) 
A S y  
(17) 
Terms may be expanded in the following manner: 
^ ^ ^  ^ (18) 
A E ^  ^  E 2  A Gy ASy ACy 
Terms containing Ao^ and Aa^. may then be separated in the 
following manner: 
Aa^ vAa, Aa„ 2vAa„ vAo^ 
e + e. = L + i - T ri9i 
ae, aey aey ae, aey I  J 
An expression for Aa^. alone may be obtained by manipulating 
the above equation: 
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ac 
{_^  +  v }  Aa^  
= (20) 
{ 1  +  2 v  - v }  
z 
Standard triaxial shear test notation may be applied, giving 
the following equation: 
-
^ " 3  '  7  I T .  r -  ' ^ ' ^ 1  ( 2 1 )  
h  •  2v  -  V  
Equation 21 constitutes an expression for the increment of 
horizontal stress that would develop in a body due to the 
given increase in vertical stress. An appreciation of the 
significance of the expression can be gained by considering 
two common laboratory tests--the unconfined compression and 
oedometer tests. Lateral strain is maintained at zero 
in the oedometer test by the restraint provided by the rigid 
ring. Incremental strain ratio (y= -Ae^/Ae^^) is thus zero as 
well, leading to this familiar expression (the negative sign 
accounts for the sign convention which defines tensile stres­
ses and strains as being negative): 
k . -
o Aa^ 1-v 
In the unconfined compression test, lateral strain is 
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unopposed and lateral and vertical strains occur such that the 
incremental strain ratio (y) is equal to Poisson's ratio (v). 
It is noted that incremental strain ratio is a ratio of finite 
rather than differential strains; however, these strains are 
referred to as differential strains in this case because they 
OQcur under the action of one increasing normal stress, while 
all others remain constant. In the case of simultaneously in­
creasing or superimposed normal stresses, the measured final 
strains are referred to as integral strains. An incremental 
strain ratio (y) based upon integral strains is not equal to 
Poisson's ratio (v). Only under the action of uniaxial load; 
i.e., increasing axial stress with lateral stress zero or 
constant, are the two ratios equivalent. This condition 
exists in the unconfined compression test, therefore v is 
equal to -Ae^/AE^, and Aa^. is equal to zero, as expected. 
Equation 21 has been shown to be an expression for lateral 
stress which is consistent with some simple laboratory test 
procedures which represent two extremes of soil behavior. It 
would appear that this equation could represent intermediate 
conditions as well. 
A stress-path controlled triaxial shear test requires that 
some rational method exist for increasing lateral pressure as 
axial stress develops. Equation 21 appears to be, on first 
glance, a suitable basis upon which to develop such a method. 
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Axial stress and strain can be easily measured in the triaxial 
shear apparatus, while radial strain can be determined in a 
manner to be discussed. Poisson's ratio is very difficult to 
determine, however, leading one to conclude that Equation 21 
in it's present form is of no use. To make use of the form of 
this expression, which has great intuitive appeal, an expres­
sion for incremental lateral pressure (Aa^) must be developed 
in terms of incremental axial stress (Aa^) and incremental 
strain ratio C-Ae^/Ae^) only. One might suggest that Poisson's 
ratio (v) be replaced with y, as an approximation. This leads 
to a trival solution, of course, because Aa^ will be zero 
each time the expression is evaluated; thus, a "logical" ap­
proximation will not suffice. It has been found that this ap­
proximation coupled with a trick will result in a simple ex­
pression which produces realistic stress paths. The trick is 
to switch the sign of the term (Ac^/Ae^) in both the numerator 
and denominator of Equation 21, while making the approximation 
for Poisson's ratio as well. The new expression is then ob­
tained in the following manner: 
ae^ ae^ 
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y + y Aa^ 
{1 + 2ijy-y} 
£(y) Aa^ ( 2 2 )  
Despite its attractive simplicity, this expression is not 
mathematically correct, but it does represent soil behavior 
more realistically than one might suspect, considering the 
means by which the expression was obtained. As a test, con­
sider an element of soil within a soil mass having a Poisson's 
ratio of 0.4 which experiences lateral and vertical strains in 
the ratio of -0.2 under the action of an increment of vertical 
stress. The ratio of increased lateral to increased vertical 
stress can be calculated on the basis of Equation 21: 
If the same element of soil were to be placed in the in-
situ stress condition within a triaxial shear apparatus, an 
increment of axial stress could be applied and axial and lat­
eral strains could be measured. Assuming that the same strain 
ratio was then determined, one could calculate the incremental 
stress ratio on the basis of Equation 22 in the following 
manner: 
Ao^ -0.2 + 0.4 0 . 2  
^^ 1 1 + C2)(0.4)C-0.2) 
0.455 
0.4 0.44 
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AO ( 2 ) ( 0 . 2 )  0.4 
^ = = = 0.455 
1 1 - 0.2 + (2)(0.2) 0.88 
The two equations give precisely the same results for the 
values given, suggesting that the modifications made to Equa­
tion 21 have resulted in a good and useful approximation of 
material behavior. In order to allow an assessment of this 
approximation, Figure 8 is provided which presents a family of 
curves (shown as dashed lines) which represent the relation­
ship between stress ratio (Aa^/Aa^) and Poisson's ratio (v) 
given by Equation 21 for various strain ratios. These dashed 
curves are associated with the lower abscissa which represents 
Poisson's ratio. The region within these curves represents 
all possible combinations of these terms which satisfy the 
stress-strain relationship of an elastic material. Soils are 
not capable of sustaining significant tensile stresses; hence, 
all points within the area corresponding to negative stress 
ratios do not represent real soil behavior. All of the area 
corresponding to a tensile condition is therefore shaded. 
Superimposed on this figure is the relationship (shown as 
a broken line) between stress ratio and strain ratio as given 
by Equation 22. This broken curve is associated with the up­
per abscissa which represents strain ratio. The approximation 
which has been made can be demonstrated by plotting all those 
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Figure 8. 
0 . 1  0 . 2  0 . 3  0 . 4  
Poisson's Ratio (v) 
Relationship between incremental stress 
ratio and both Poisson's and incremental 
strain ratio. 
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points given by Equation 21 in terms of both Poisson's ratio 
and strain ratio that can be given by Equation 22 in terms of 
strain ratio alone. These points are shown as a solid line 
crossing over the family of curves, which more-or-less bisects 
the realistic range of soil behavior, represented by the un­
shaded area. The example presented in mathematical form is 
presented graphically in Figure 8 to give physical meaning to 
that example. 
Figure 9 is the relationship between incremental strain 
ratio and Poisson's ratio for states consistent with both 
Equations 21 and 22. Conditions corresponding to the uncon-
fined compression and oedometer tests are presented as well. 
The modifications made to Equations 21 can now be seen to re­
duce to a single assumption: it is assumed that the strain 
ratio and Poisson's ratio of soil elements within a soil 
mass are related to one another in the manner presented in 
Figure 9. This approximation appears to be reasonable, but 
requires that realistic stress-strain behavior be exhibited 
by the specimen. Because realistic strain behavior is 
induced by following realistic stress paths, the assumption 
must be assessed on the basis of the resulting stress paths. 
Actual stress paths have been found to be realistic and very 
similar in character to those determined on the basis of 
theoretical soil mechanics; therefore, the assumption is 
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Poisson's Ratio (v) 
Figure 9. Various relationships between incremental 
strain ratio and Poisson's ratio. 
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reasoned to be valid. 
The increment of confining pressure given by Equation 22 
represents an approximate value of the pressure that would 
have developed continuously during a cycle had the specimen 
been confined by soil rather than by fluid pressure. By ap­
plying the increment of confining pressure to the specimen, 
true soil behavior can hopefully be modeled. However, it is 
noted that true triaxial stress conditions, as represented by 
Equations 11, 12, and 13, are only approximated because the 
equivalence of ACT and AA reduces to two the number of X  y  
independent equations. That is, stress conditions are 
actually axisymmetric, allowing stress states to be repre­
sented by two-dimensional Mohr circles rather than by three-
dimensional ellipsoids. This is, of course, no different 
from conventional test procedures. Of greater importance is 
the fact that confining pressure is increased periodically 
rather than continuously; hence, the effect of Poisson's 
ratio is modeled only approximately during each cycle. Over 
the whole range of stresses, however, this aspect of material 
behavior is modeled very realistically. 
Poisson*s ratio (v) for the test conditions has not yet 
been defined. Its definition is obtained by solving Equation 
17 for V, rather than AOy.  
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AA A e  - à o y  AE 
v = ^ (23) Lambe and 
Act (Ae„ - 2Ae ) + AA„ asy Whitman 
y ^ y ^ ^ (Example 2.2) 
One may view Equation 23 from two different perspectives 
depending upon how one defines the beginning and end of a 
cycle in the stress path. Presented in Figure 10 is a short 
section of stress path, plotted using a small scale in order 
that the true shape may be easily discerned. The solid dots 
represent stress states at which measurements were actually 
made, while open circles define the anticipated field stress 
path. Let us first examine Equation 23 with a cycle defined 
by points such as one and two. From this perspective, the 
stress path within the cycle is seen to be a miniature version 
of the conventional triaxial shear test. This cycle consists 
of isotropic consolidation followed by the application of uni­
axial load. Axial and radial stresses and strains will occur 
during such a cycle, and one could evaluate Equation 21 using 
these values. However, the term Aa^ in this equation physi­
cally represents the lateral stress which develops as a re­
sult of the application of axial load during the cycle. The 
increase in radial stress which occurred during this cycle, 
however, was simply applied and stems from measurements made 
during the previous cycle. The information required to 
properly evaluate Equation 23 is thus not available under this 
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p = (#1 + cjj) /2 
Figure 10, Two definitions of a cycle. 
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definition of a cycle. 
Consider next Equation 23 with a cycle defined by points 
three and four. From this perspective, the stress path within 
the cycle appears to be reversed from that of the conventional 
triaxial shear test. Because the change in confining pressure 
(Aa^) is precisely zero during the first segment of this 
stress path (uniaxial loading), Equation 23 can be consider­
ably simplified. Substitution of zero for Aa^ in Equation 23 
leads to a new expression for Poisson's ratio: 
-Aa„ Ae -Ac -As? 
v = 1 = ^ = .241 
aaz ae^ ae^ ae^ 
One might suggest that Poisson's ratio be determined dur­
ing this segment of the stress path, and then be combined with 
the negative value of strain ratio (Ae^/Ae^^) for use in Equa­
tion 21 eliminating the need to assume the relationship 
presented earlier in Figure 9. This can not be done in 
practice because the response of the soil to the application 
of additional confining pressure during the previous cycle 
is not instantaneous. Thus integral strains are measured, 
and the simplified equation, which is based upon differential 
strains, can not be used. 
Use of the assumed relationship presented in Figure 9 
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eliminates any advantage one definition of cycle has over an­
other as far as conduct of the test is concerned. However, 
use of the second definition results in stress points being 
defined for stress states corresponding to the anticipated 
field stress path. This definition has been used throughout 
the current research, but there may be some benefit gained by 
recording both stress states for each cycle, and it is recom­
mended that any further research be conducted using a computer 
program written to allow both stress states to be recorded. 
Figure 11 presents the relationship between the derived 
coefficient f(y) and y. It is noted that, for values of y 
within the range shown, the coefficient f(ii) ranges in value 
from zero to one. A strain ratio of 0.5 implies a horizontal 
stress path and isotropic consolidation for that increment, 
while a value of zero implies a stress path inclined at an 
angle 45 degrees to the abscissa, and uniaxial compression. 
The range of values on the abscissas of Figures 6 and 10 
encompass likely values from soil materials, and the coef­
ficients (ordinates) are seen to be similar in magnitude. A 
coefficient based upon y is more logical than <j)' because the 
condition, which implies zero lateral strain, relates 
directly to y, the incremental strain ratio. There is no cor­
responding intrinsic relationship between and <j) ' . 
Equation 25 is the mathematical representation of 
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Incremental Strain Ratio 
Figure 11. Relationship between strain ratio (y) and 
the coefficient f(y). 
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incremental strain ratio in the proposed incremental triaxial 
shear test: 
" c.^32 ~ ^31^ y = — — (25) 
^12 " ^11 
where 
e^2 ~ current radial strain 
= previous radial strain 
^12 ~ current axial strain 
Ell = previous axial strain 
Assuming a suitable method of determining radial strain 
exists, the condition can be modeled by replacing the 
previous radial strain reading in Equation 25 with a 
value of zero. Confining pressure will be increased depending 
upon the resulting value of f(y) and increase in vertical 
stress. After the vertical stress on the triaxial specimen is 
found to exceed the in situ overburden pressure, the replace­
ment of by zero will cease, allowing soil behavior 
associated with the application of foundation or surcharge 
loads to be modeled during the next segment of the test. 
If the second segment of the stress path is to proceed 
to the K£ line under control of f(y), then f(y) is subject to 
the same limitations imposed upon the coefficient K discussed 
earlier. Thus, f(y) must take on values during this portion 
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of the test such that the effective stress ratio is bounded by 
zero and K^. The derived function f(p) is theoretically 
capable of satisfying this criterion, as can be seen by com­
paring Figures 6 and 11. 
A procedure used currently in Lambe's stress-path method 
to determine the stress path during the second segment is 
based upon elastic solutions and suffers from two serious 
faults: a) it requires an estimate of Poisson's ratio, and 
b) efficient foundation designs would surely test the crite­
rion suggested by Terzaghi for applicability of elastic solu­
tions. Poisson's ratio is a highly tenuous soil property be­
cause it varies not only from soil to soil but within the test 
period as well. The proposed incremental triaxial shear test 
procedure avoids selecting a particular value of Poisson's 
ratio by assuming a relationship between Poisson's ratio and 
strain ratio. Strain ratio varies throughout the test, allow­
ing Poisson's ratio to vary as a function of the properties of 
the soil at the current stress state. The incremental na­
ture of the test circumvents the immediate concerns expressed 
by Terzaghi. For example, use of theory of elasticity might 
result in a predicted stress state the soil is not capable of 
sustaining. This is because a constant modulus of elasticity 
is assumed. In the proposed test procedure, the modulus var­
ies, allowing the soil to indicate which stress states are 
within the failure envelope. 
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A consideration of energy principles 
The example presented graphically in Figure 8 demon­
strates that the same value of stress ratio can be obtained 
on the basis of incremental strain ratio alone provided the 
stress and strain increments measured in the laboratory are 
equivalent to those which develop in the field. One can argue 
that the measured strain ratios will be too large and the 
axial stresses too low because of the lack of continuously in­
creasing confining pressure. This argument is reasonable and 
of potential concern. It will be shown, however, that the 
scheme for incrementing confining pressure tends to compensate 
for this error. 
Consider the initial portion of the stress path which cor­
responds to anisotropic consolidation and zero lateral strain 
(the condition). In a soil mass undergoing such deforma­
tions (one-dimensional consolidation), lateral stresses devel­
op but do no work because the stresses (forces on the sides of 
an element) do not move through any displacement. In order to 
produce the condition in the laboratory, lateral pressure 
must force the sample back to its original diameter, doing 
work in the process. Referring again to Figure 8 and the ex­
ample of the soil mass having a Poisson's ratio of 0.4 which 
experiences strains in the ratio of 0.2, one can see that it 
is likely that the strain ratio measured in the laboratory 
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will be larger than 0.2. If, for example, the actual strain 
ratio were determined to be 0.25 in the laboratory, the stress 
ratio would be found to be 0.571 on the basis of Equation 22, 
rather than 0.455. This increase in stress ratio is simply a 
manifestation of the work involved, which tends to correct for 
and to reduce this "error" during each cycle. However, these 
errors are cumulative. 
Summary of theoretical development 
A coefficient involving only y, the incremental strain 
ratio, has been obtained on the basis of theory of elasticity 
and an assumed relationship between incremental strain ratio 
and Poisson's ratio within a soil mass. The proposed test 
procedure will thus involve the repeated measurement of ver­
tical stress and incremental strain ratio, and application of 
calculated increments of confining pressure. This procedure 
follows from a visualization of the response of a soil element 
subjected to increments of vertical stress: 
1. The element tends to shorten in the vertical direction 
and to extend in the horizontal direction. 
2. Soil adjacent to the element offers resistance to this 
deformation, increasing lateral stress. 
3. The next application of vertical stress, under the new 
stress state, results in a slightly' changed response. 
4. Repeated applications of vertical and lateral stress 
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are made until the plastic state is achieved and defor­
mation continues with no increase in vertical or lat­
eral stress. 
The test procedure suggested herein is theoretically 
capable of eliciting the same type of behavior described above 
from a triaxial shear test specimen. The procedure is predi­
cated on three main assumptions: 
1. Triaxial shear tests involving realistic stress paths 
will have associated with them stress-strain relation­
ships more representative of real soil behavior than 
those obtained from tests using constant confining 
pressure. 
2. The relationship between Poisson's ratio and increment­
al strain ratio presented in Figure 9 represents a rea­
sonable approximation of this function for a real soil 
mass. 
3. The pseudo-elastic properties of a soil element at a 
certain stress level are essentially isotropic. 
4. Theory of elasticity applied on an incremental basis 
provides a piece-wise continuous approximation to a 
soil's elasto-plastic stress-strain relationship, and a 
realistic approximation of field stress conditions. 
The assumption given as item one above is nothing more 
than the basis upon which Lambe developed his stress-path 
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method. It is difficult to find fault with the assumption; 
however, everpresent will be the problem of determining what 
the realistic stress path should be. 
The second assumption represents an arbitrary selection 
from among the infinite number of such relationships that 
might exist for a soil mass. One can see from a comparison 
of this relationship with that used in the oedometer, uncon-
fined compression, and shear stage of conventional triaxial 
shear tests, that the proposed test procedure uses a first ap­
proximation of real soil behavior. As crude and arbitrary as 
this assumption is, it is still much better than that used in 
conventional tests. 
The third assumption is probably not correct. One can 
name several soil types or conditions which could violate this 
assumption, namely underconsolidated soils such as loess, and 
highly overconsolidated soils such as glacial clay till. How­
ever, due to the success of Boussinesq- type solutions based 
upon isotropic soil properties, this possible discrepancy is 
considered to be relatively minor compared to the unrealistic 
modeling of soil behavior in conventional triaxial shear and 
oedometer tests. 
The fourth assumption is true. The elasto-plastic stress-
strain relationship of a soil can be approximated, or charac­
terized, by theory of elasticity nomenclature and formulas, and 
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the method does create a better approximation of field stress 
conditions. However, the ability to characterize an existing 
stress-strain relationship does little to assure one that 
theory of elasticity can be used to GENERATE appropriate rela­
tionships. This assumption must be either validated or refut­
ed by the careful analysis of test data and performance. In 
summary : 
1. It is concluded that accurate estimates of settlement 
should follow from triaxial shear tests conducted with 
realistic stress paths. 
2. The most appropriate stress path can be made a function 
of the soil properties by basing the scheme for incre­
menting confining pressure upon theory of elasticity. 
3. This scheme for incrementing confining pressure gives 
stress paths which are similar in character to those 
based upon commonly assumed values of and K but 
without necessitating the use of assumed values. The 
test procedure would be of little or no value if un­
realistic stress paths were to develop. 
4. The proposed scheme for incrementing confining pressure 
is theoretically capable of modeling true soil behavior 
during the test through a piece-wise continuous approx­
imation of an elasto-plastic stress-strain relation­
ship. In addition, a much closer approximation of true 
field stress conditions is achieved. 
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Pore Pressure Parameter 
Lambe and Whitman (17) present the three pore pressure 
parameters relevant to the triaxial shear test: B. D. and 
A. Pore pressures developed by an increment of isotropic 
stress, such as applied during consolidation of triaxial shear 
test specimens, are represented by parameter B. Parameter D 
represents pore pressures developed during uniaxial loading, 
and parameter A represents the superposition of these two 
loading conditions as they commonly occur in conventional 
. triaxial shear tests. Pore pressure parameters are thus 
stress path dependent. Hence, even though both conventional 
triaxial shear tests and incremental triaxial shear tests are 
terminated at failure points, it is necessary to derive a 
new parameter because different stress paths are followed 
in the two tests. 
Figures 12a and b present typical stress paths from a con­
ventional triaxial shear test and an incremental triaxial 
shear test. Each segment of the incremental stress path in 
Figure 12b has been labeled with the applicable pore pressure 
parameter. It is conceivable that all three parameters could 
be determined for each increment; however, the practicality of 
such determinations is in question because of the precision 
required in measuring pore pressures induced by such small 
stress increments. 
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Stress Path 
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Figure 12b Conventional 
Stress Path 
P 
Figure 12a. Conventional and apparent incremental 
triaxial shear stress paths. 
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Stress Path 
Apparent Incremental 
Stress Path 
P = Cci + <^3) /2 
Figure 12b. An enlarged view of the origin of 
Figure 12a. 
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It is noted that the order of application of confining 
stress and uniaxial stress are reversed in the two tests. 
The validity of the derivation of parameter A when applied to 
the incremental triaxial shear test is in no greater question, 
however, than in conventional tests because the derivation is 
based upon the principle of superposition. The classic defi­
nitions of pore pressure parameters may then be applied with­
out modification to each increment: 
B = (26) cf. Lambe and Whitman (26.2b) 
D = (27) cf. Lambe and Whitman (26.3a) 
Au Ao 
A = -T T—3. (28) cf. Lambe and Whitman (26.7) Aa Ao 
l" 3 
If one regards the stress path followed in the incremental 
triaxial shear test on a larger scale, rather than on an in­
cremental basis, it will be observed that the incremental 
stress path approximates the simultaneous application of con­
fining pressure and axial stress. If one then returns to the 
most general statement underlying the derivation of these pore 
pressure parameters with this in mind, a new derivation can be 
made. 
The fundamental assumption given by Lambe and Whitman (17) 
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under which the pore pressure parameter will be derived is 
that, under undrained, saturated conditions, the volume change 
of the soil skeleton must equal the volume change of 
the pore fluid AV^: 
avsk = % (29) 
The essence of this assumption is that soil particles are 
considered to be incompressible when compared to water. This 
assumption is justified by the fact that the minerals com­
posing the soil particles are approximately thirty times less 
compressible than water. Equation 29 can be expanded by in­
cluding the component terms: 
and 
c* Au 
where 
VQ = total volume = 
C C C 3 = compressibility of soil skeleton under 
^ ^ ^ the indicated uniaxial stress 
= compressibility of water (pore fluid) 
n = porosity of sample 
Ao^', Aa2', Aa'2 ~ increment of indicated effective stress 
Au = increment of pore pressure. 
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At this point in the derivation of conventional parameters, 
either isotropic or uniaxial loading is considered. The gen­
erality of the derivation can be preserved, however, when con­
sidering the concurrent increase in stress used in the incre­
mental triaxial shear test. The only qualifications we need 
to make are: 
aoj' = aoj' 
(isotropic soil properties) 
We then have: 
C Aa ' + 2V^ C ho' = n C , Au 
oc 1 oc 3 ow 
^0 ce + zao;') = n vo cw 'i" 
(Aa,' + 2 Ao?') = Au 
„c„ 1-1 
C Au 
c . = ai (30) 
^^w ao^' + 2 aog' 
A new pore pressure parameter, AI, has been derived which rep­
resents the relationship between pore pressure and effective 
stress in the incremental triaxial shear test. Its derivation 
does not suffer from the use of superposition, which, as cau­
tioned by Lambe and Whitman (footnote 2, page 398), may not be 
valid under these conditions. This caution is noteworthy 
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because experimental evidence indicates that pore pressure 
parameter A is not constant throughout the test; hence, non­
linear behavior is very likely involved. 
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REQUIRED MEASUREMENTS AND CORRECTIONS 
Radial Strain 
The test procedure just outlined requires the measurement 
of several quantities, the most important and difficult of 
which to measure is radial strain. One method of making this 
measurement has already been mentioned; i.e., direct, physical 
measurement of the diameter. Bishop and Henkel (2) describe 
a device which is capable of measuring changes in diameter of 
1 X 10 ^ inches in 4.0 inch diameter samples. This corre­
sponds to 0.025 percent radial strain. The device actually 
measures the separation of two diametrically-opposed pads 
which conform to the circular surface of the sides of the 
sample. Uniformity of expansion of the specimen is thus an 
important consideration, as well as the expense of the de­
vice and problems associated with de-airing tubing. The 
device is also limited to one sample diameter. 
The method for determining radial strain used in the cur­
rent research is indirect in that it relies upon measurement 
of volume change and axial shortening. The method is based 
upon an equation provided by Bishop and Henkel (2) and com­
monly used in triaxial shear test calculations to account for 
the increased cross-sectional area of the sample in the deter­
mination of axial stress. Their equation can be manipulated 
to yield an expression for radial strain, a negative quantity, 
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in terms o£ volumetric and axial strain; 
*s = 
1 + av/v^ 
l-e. (31) cf. Bishop and Henkel (17) 
1 + av/v, 
1-e. 
i-c3 = 
1 + av/v, 
1-e. 
1/2 
c3 = 1 -
1 + av/v( 
1-e, 
1/2 
(32) 
Although indirect, this procedure has the advantage of 
being a function of an averaged quantity (the cross-sectional 
area) rather than a measurement made at an elevation. In 
addition, the procedure is approximately six times more 
sensitive to changes in diameter than the method proposed by 
Bishop and Henkel. Thus, the condition can be maintained 
with a much more responsive system than the mechanical device 
discussed herein. 
In discussing volume change characteristics, Bishop and 
Henkel say that, "If both and are increased simul­
taneously throughout a drained test so that no lateral yield 
occurs (as in the K^-test,...), then no shear is mobilized 
across the ends of the sample, and the axial strain and volume 
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change are uniform throughout its length." Experience has 
shown that samples subjected to the proposed type of loading 
show little bulging until late in the test; hence, the assump­
tions inherent to Bishop and Henkel's method are not severely 
violated until bulging becomes substantial. 
Volumetric Strain 
Problems in making the necessary measurements of volume 
change during the first few cycles are present, however. 
When confining pressure is first applied, a disproportion­
ately large drop in the fluid level in the volume gauge de­
vice is recorded, signifying that a relatively large amount 
of fluid has entered the chamber. This is most noticeable 
in the case of unsaturated soils tested under undrained 
conditions. The next series of calculations results in a 
large, negative strain ratio, both for the increment and 
from initial conditions. These calculated values are obviously 
incorrect; therefore, the measured volume change must be 
incorrect, 
The triaxial system in use is an air-over-water system, 
and is diagrammed in Figure 13. Volume change measurements 
made at constant confining pressure with this system are rel­
atively free of error. Several complications arise when vari­
able confining pressures are used, however. All pressurized 
tubing in the system and the Plexiglass cell experience some 
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Figure 13. Diagram of the air-over-water triaxial shear test equipment. 
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expansion upon application of greater cell pressure. Also, 
air trapped between the membrane and sample compresses as the 
membrane is pressed tightly into external pores in the sample. 
The contribution of this last factor to the total error is 
greatest during initial loading, and nearly negligible there­
after . 
The expansion of the tubing and Plexiglass cell are sys­
tematic errors which can be easily accounted for through cali­
bration of the apparatus with a steel cylinder in place of 
the soil sample and membrane. A nearly linear relationship 
between confining pressure and change in volume gauge reading 
is obtained, as shown in Figure 14. 
The error introduced by the lack of fit between the mem­
brane and sample is of greater significance and is unsystem­
atic. Bishop and Henkel (2), in Appendix 5 of their text, 
provide a means of correcting for air trapped between the 
sample and the membrane based upon the solubility of air in 
water. However, the method is not applicable in this case 
because, as they indicate, "In the early stages of the 
test... incomplete bedding of the membrane is occurring and 
true volume changes cannot be calculated." Their method is 
intended for use during shearing of unsaturated triaxial 
specimens under constant confining pressures. 
Manfred Kiekbusch and Bernard Schuppener (13) also 
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Figure 14. Relationship between confining pressure and 
change in volume change reading. 
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attacked this problem of lack of fit using samples of varying 
particle sizes. Their method of correction consisted of a 
calibration of the system, soil sample, and membrane starting 
at an arbitrary confining pressure of 0.2 kilograms per square 
centimeter (2.84 psi). Their method cannot be applied to the 
incremental triaxial shear test because the largest erroneous 
volume gauge readings arise at confining pressures just 
slightly exceeding zero. Calibration would have to start at 
zero confining pressure, not at some low, arbitrary pressure. 
Their data are relevant, however, in that they demonstrate 
that this source of error becomes increasingly less important 
at higher pressures. Presented in Figure 15 are their data, 
plotted using normal scales, which show that this source of 
error was only important at pressures below 2.0 kg/cm (28.5 
psi). The magnitude of the maximum error in this data is 
thought to be several order of magnitude less than that 
incurred between a pressure of zero and the initial pressure 
used in their tests, based upon observations made during the 
current research. Kiekbusch and Schuppener also note that the 
magnitude of the correction is proportional to the mean grain 
size diameter, D^q- Only fine-grained soils are being studied 
in the development of the incremental triaxial shear test ; 
therefore, only slight error is anticipated from this source 
after a few cycles. 
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Figure 15. Relationship of confining pressure to volume 
change error attributed to lack of fit 
between the membrane and sample. 
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In summary, the error in volume gauge readings has been 
attributed to two sources: a) systematic error due to expan­
sion of tubing and cell, etc., and b) unsystematic error due 
to lack of fit between sample and membrane. Systematic error 
can be treated very satisfactorily through calibration of the 
system, and corrections can be applied throughout the conduct 
of the test. No satisfactory methods of correction have been 
found in the literature for unsystematic errors. A method of 
correcting for this unsystematic error has been devised, how­
ever, and it is based upon the following assumptions: 
1. Unsystematic error is only significant at very low 
confining pressures with fine-grained soils. 
2. If volume changes could be measured correctly, all 
strain ratios would be positive. 
In deriving this method of correction, we shall start by 
defining volumetric strain to be: 
A V _ VC - VM 
where 
AV = corrected volume change 
V = original volume o ° 
VC = apparent volume change (previously corrected for 
systematic error) 
VM = volume change due to lack of fit (unsystematic error) 
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Then we shall say that the current reading of radial strain 
(e^g) must be at least as large as the previous reading of 
radial strain , in accordance with the second assump­
tion given above. Thus, when a negative incremental strain 
ratio is calculated, a value of VM will be solved for which, 
when fed back into the system, will result in a revised in­
cremental strain ratio of zero. Solving Equation 32 for 
volumetric strain and equating it to Equation 33 we have: 
^ cl-e.) - 1 = (34) 
Solving for VM we have: 
VM = VC - Vg {(l+EgjZ - 1} (35) 
Equation 35 will be evaluated each time is found to be 
less than Hence, ^32 will be used in Equa­
tion 35 to calculate a new value of VM for use in Equation 
33 to calculate a corrected value of volumetric strain. 
Equation 32 would then be reevaluated with the result 
that e^2 would now equal The resulting incremental 
strain ratio and increment of confining pressure will be 
zero--hardly realistic quantities. However, if the assump­
tions are correct, one can say that the true volume change 
correction (VM) is at least as large as that calculated on 
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the basis of Equation 35. Likewise, even the unrealistic 
value of strain ratio is a better approximation of the true 
value than would be a negative value. This procedure is thus 
capable of correcting for at least a portion of the unsystem­
atic error in volume change measurements. The largest benefit 
gained by correcting volume change calculations is in more 
accurate determinations of void ratio and degree of satura­
tion. It actually has no effect upon the stress path be­
cause a more expedient method of correcting the stress path 
would simply set equal to whenever a negative value of 
y is calculated. 
Effectiveness of Measurements and Corrections 
The procedures for determining volumetric and radial 
strain, and the scheme for incrementing confining pressure 
are the "devices" which make the proposed test function. The 
scheme for incrementing confining pressure was developed and 
discussed earlier and will not be discussed here; however, 
that discussion did point out the important role played by 
radial strain determinations. Because radial strain is deter­
mined indirectly through measurement of axial and volumetric 
strain, it is desirable that an independent means be avail­
able to check these determinations of radial strain. This has 
been done by making direct measurements of the specimen's cir­
cumference with a thin, ruled, stainless steel strap, as shown 
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in Figure 16a. A vernier was marked on the strap to allow a 
change in circumference as small as 0.01 inches to be meas­
ured, which corresponds to a change in radial strain of 0.11 
percent on a specimen having a diameter of 2.85 inches (7.24 
cm), as shown in Appendix A. 
The effectiveness of the measurements and corrections can 
be evaluated by comparing the measured and calculated radial 
strains, as shown in Figure 16b. Typical of results which 
have been obtained, the relationship is seen to be linear, but 
not one-to-one in correspondence as one would find if measured 
and calculated values were the same. 
The lack of a one-to-one correspondence is not surprising 
since the calculated value of radial strain corresponds to the 
average cross-sectional area of the specimen, while the meas­
ured value corresponds to the maximum cross-sectional area. 
Thus, one would expect the calculated, or average, value to be 
less than the measured, or maximum, value. The presence of a 
linear relationship indicates that true soil behavior is re­
flected in the determination of radial strain, a point of par­
ticular importance. This means that the "feedback" which ul­
timately controls the stress path is truly a function of the 
specimen's properties, and not some quirk of the device or of 
nature. 
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Figure 16a. Drawing of ruled, stainless steel straps. 
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Figure 16b. Typical relationship between the measured 
radial strain (maximum), and the calculated 
radial strain (average). 
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SOIL PROPERTIES AND APPLICATIONS 
Methods of Estimating Settlement 
Stress-path method 
The stress-path method suggested by Lambe (15) for esti­
mating settlement is based upon the measurement of axial 
strains developed in conventional triaxial shear tests. An 
analogous procedure for making these estimates based upon the 
axial strains measured in the incremental triaxial shear test 
is summarized below: 
1. Select representative samples of soil obtained from 
under the proposed structure and which are suitable 
for triaxial shear testing. 
2. Determine for each specimen the in situ vertical 
stress, and estimate the vertical stress anticipated 
after the application of foundation loads on the basis 
of elastic solutions for stresses. 
3. Perform incremental triaxial shear tests on each spec­
imen under drained conditions using the two values of 
vertical stress estimated in Step 2 as input to desig­
nate the end of anisotropic consolidation and the end 
of modeling the application of foundation loads. 
4. Plot the stress - strain relationship for each specimen 
as axial stress versus axial strain. 
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5. Read from each plot the axial strain corresponding to 
in situ conditions [initial strain) and that corre­
sponding to the design axial stress (final strain). 
6. Determine the thickness of stratum each specimen is to 
represent. 
7. The settlement contributed by each stratum is computed 
as the product of its thickness and the difference in 
final and initial axial strains. 
8. The total settlement is computed as the summation of 
settlements contributed by all strata. 
The method is seen to be a process of numerical integra­
tion over all compressible strata within the zone of influ­
ence. Excluding errors due to discrepancies between assumed 
and actual geologic conditions at a site, the strains measured 
in the test are the prime source of error in making estimates 
of settlement. The causes of error include sample disturb­
ance, discrepancies between actual and estimated increases in 
levels of vertical stress, and poor modeling of stress path. 
Sample disturbance has been the subject of many studies 
(Hvorslev, 9) which were intended to quantify, minimize, and 
lead to a better understanding of this important aspect of 
triaxial shear testing. The effects of sample disturbance 
are minimized to a large extent in conventional triaxial 
shear test procedures by the application of relatively high 
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values of confining pressure. Conventional test procedures 
were originally formulated only to examine the soil failure 
state, which justified this practice. If the purpose of the 
test is to investigate soil properties prior to failure, as 
in the case of settlement analyses, this practice cannot be 
followed, and the effects of sample disturbance must be 
treated or repaired through anisotropic consolidation. One 
important consideration is that the effects of overconsolida-
tion could possibly be masked by an initially high level of 
confining pressure. Also, it is noted that many soil depos­
its, though over-consolidated, have likely undergone some 
lateral as well as vertical stress relaxation after partial 
removal of overburden. Under such conditions, and to 
investigate pre-failure behavior, initial isotropic consoli­
dation under a pressure equal to the existing vertical stress 
is not justified. Anisotropic consolidation appears to be a 
more reasonable approximation of in situ stress conditions 
while accounting in large measure for the effects of sample 
disturbance, assuming removal of the stress field to be a 
major component of "sample disturbance". 
It is necessary to evaluate the increase in vertical 
stress that will result from the application of foundation 
loads in order to make an estimate of settlement regardless 
of which test procedure is used. The increase in stress is 
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oftentimes evaluated on the basis of elastic solutions which 
strictly apply only to certain, simple geometries. Depending 
upon the magnitude of the load and the size and rigidity of 
the foundation, the stress increase at a point in a soil mass 
can vary considerably. 
While many consider these solutions to be realistic, it is 
also generally recognized that analyses based upon one-
dimensional consolidation test data are often overly conser­
vative. Assuming that existing methods of evaluating vertical 
stress increases are adequate, it is logical to compare, in a 
manner analogous to that of Hruban (8), the compression of 
soil specimens subjected to identical increases in vertical 
stress in the consolidation versus the triaxial apparatus. 
Shown in Figure 17 are three stress-strain relationships from 
tests of a sample of soft, nearly-saturated loess having an 
overburden pressure of 10.5 psi. Plotted as log of axial 
stress versus axial strain, lines drawn through the test data 
resemble e-log p curves and are a frequently used alternative 
presentation of test results. 
The similarity of the three curves within the range of 
realistic foundation pressures is perhaps the most obvious 
feature of this data. Considering strains measured at 
stresses of 10 and 20 psi in consolidation test two and in 
the incremental triaxial shear test, no significant 
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Figure 17. Stress-strain relationships determined from 
oedometer and incremental triaxial shear 
tests of a saturated soi-lv . 
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differences can be determined. Making the same comparison 
between consolidation test one and the incremental triaxial 
shear test (the extreme case), the compression indicated by 
the incremental triaxial shear test is approximately 90 
percent of that indicated by the consolidation test. 
Above a pressure of 20 psi, the curves diverge, the in­
cremental triaxial shear test data showing much greater com­
pression under the same pressure increase. Nearly ideal 
plastic behavior is thus exhibited by the loess at high 
stress levels when subjected to the incremental triaxial 
shear test. The oedometer test data shows just the opposite 
type of behavior; i.e., a hardening effect. One might explain 
this behavior on the basis of densification and reduction of 
moisture content; however, a more logical explanation is 
that the rigid consolidation ring provides an unreasonable 
confining condition at high axial stress levels. The 
condition, which is maintained throughout the oedometer test, 
is not representative of field conditions because lateral 
strain does occur beneath foundations. Obviously, lateral 
stress will be less under these conditions than if lateral 
strain is prohibited. The argument based upon densification 
is rejected because the loess samples, very soft and wet 
when placed in the triaxial apparatus, were removed from 
the apparatus in a very dense, firm condition. Evidence of 
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a shear failure on a single plane has not been found. 
Presented in Figure 18 are the stress-strain relationships 
determined from an incremental triaxial shear test and an 
oedometer test of an upland loess having a degree of satura­
tion of 77.6 percent. The behavior of this soil differed 
considerably in the two test procedures, the axial compression 
of the triaxial specimen from pressures less than about 25 
psi (172 kPa) being considerably less than the compression of 
the oedometer specimen. The most likely explanation for the 
difference in behavior observed in these comparisons is the 
influence of stress path on soil-structure under different 
moisture regimes, and a proper method for estimating settlement 
should model the moisture regime of the specimen as well as the 
anticipated stress path. 
Oedometer tests are routinely conducted with soil in a 
saturated state in order to evaluate settlement under worst-
case conditions. This practice is considered to be unjusti­
fied in many cases because the presence of the structure may 
actually tend to reduce the moisture content of foundation 
soils. The recent renovation of the U.S. Post Office in 
Des Moines, Iowa, provided the opportunity for the author 
to inspect foundations placed at the depths of 10 feet or 
more in 1928. Original construction plans called for a 
shallower foundation depth; hence, the soil was probably 
considered to be inadequate for the masonry structure in 
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Figure 18. Stress-strain relationships determined from oedometer and incremental 
triaxial shear tests of an unsaturated soil. 
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1928. The inspections and tests revealed that currently soil 
moisture content is relatively low, and that foundation 
soils are in excellent condition. Excavations made outside 
the building revealed very moist soils very much unlike 
those beneath .the structure. 
Case study I 
Additional support for the above arguments relative to 
moisture regime may be found in a field study of the settle­
ment of a water standpipe recently constructed at Oxford, 
Iowa. The study, performed in cooperation with Patzig 
Testing Laboratories, Inc., of Des Moines, Iowa, resulted 
in findings very favorable to the incremental triaxial shear 
test in comparison to the oedometer test. 
The structure consists of a 65-foot-high steel storage 
tank (19.8 m) having a diameter of 17 feet (5.19 m) and a 
capacity of 110 thousand gallons (.418 m^). The mat foundation 
is located at a depth of 5 feet (1.52 m), has a diameter of 
27.5 feet (8.38 m), and was proportioned for a net soil bear­
ing pressure of 1800 psf (86.2 kPa]. Subsurface soils con­
sist of 21 feet (6.4 m) of low density loess which is under­
lain by dense, relatively incompressible glacial clay till. 
The loess was considered to be the only compressible layer 
of significance. 
Based upon several oedometer tests conducted independently 
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by the Patzig Testing Laboratory and by students of Iowa State 
University (including the author), the estimate of settlement 
was determined to be approximately 4-6 inches (10.6-15.2 cm), 
depending upon whether or not the material was considered to 
be normally consolidated. The oedometer test data presented 
in Figure 18 are from one of these tests. 
Also presented in Figure 18 are incremental triaxial shear 
test data from tests of the loess, which served as a basis for 
a second estimate of the settlement of the structure. Employ­
ing the same elastic solution for stresses used in conjunction 
with the oedometer test data, the settlement of the structure 
was estimated to be 0.8 inches (2.0 cm). 
Completed and filled in the fall of 1977, the structure 
has experienced a settlement of 0.5 inches (1.3 cm) as of 
September, 1978. Thus, field behavior of the soil was pre­
dicted with much greater accuracy on the basis of incremental 
shear tests than with conventional oedometer tests. The ap­
parent success of incremental triaxial shear tests in this 
case is attributed to a realistic modeling of stress path and 
moisture regime, and preservation of soil structure. 
Soil moduli/elastic solution method 
The stress-path method just presented utilizes elastic 
solutions for stresses. Elastic solutions also exist for 
the displacement of many common foundation types. These 
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solutions involve Young's modulus and Poisson's ratio, 
referred to herein as the deformation modulus and strain 
ratio, respectively. This method is seldom used because of 
non-linear behavior, variable soil types, and the difficulty 
of determining appropriate values for the soil parameters 
by use of the conventional constant-lateral-stress triaxial 
test. 
Stress - strain relationships determined from incremental 
triaxial shear tests are, on the basis of limited testing, 
much more linear in nature than those determined from conven­
tional tests. It would appear that constant confining pres­
sures increase the tendency of soil specimens to exhibit non­
linear behavior because confining pressure, whether constant 
or variable, represents the surrounding soil and contributes 
to the apparent "stiffness" of the specimen. This apparent 
"stiffness" is too great in comparison to the axial stress 
in the early stages of conventional tests, and too low in 
later stages, contributing to non-linear behavior. In the 
proposed test procedure, confining pressure and hence "stiff­
ness" is more-or-less in proportion to axial stress, pro­
viding a more realistic representation of the true deforma­
tion behavior of soils. 
A more linear stress-strain behavior in the test makes it 
easier to determine appropriate soil parameters needed to 
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perform settlement analyses based upon elastic solutions 
for displacements. This method is especially suited to the 
problem of rigid foundations on uniform soil deposits 
because it provides a unique estimate of settlement, elimi­
nating the need to compute the settlement of the structure 
as some sort of average settlement. 
The water standpipe discussed earlier is an excellent ex­
ample of the application of this method. Two incremental 
triaxial shear tests were performed for this project. A 
single modulus of deformation (analogous to Young's modulus) 
could be determined for each test because the stress-strain 
relationships were approximately linear within the range of 
anticipated stresses. A simple equation is given by Poulos 
and Davis (19) for the surface displacement of a rigid 
circle subjected to a concentric, vertical load. 
p = J (l-v)2 ^ av_^ (36) 
where 
p = vertical displacement of circle 
V = strain ratio (Poisson's ratio) 
P^y = average applied pressure 
a = radius of circle 
E = deformation modulus (Young's modulus) 
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The two values of deformation modulus were determined to be 
1800 psi [12414 kPa) and 2500 psi (17241 kPa). In order to 
account for the greater depth of soil represented by one test, 
the weighted average of these two moduli was calculated as 
shown below in order to arrive at a single value for use in 
Equation 36. 
C1800)(2) + (2500) ^  2000 psi (14000 kPa) 
3 
In the same manner, v was determined to be approximately 0.3. 
Substitution of these values, the average pressure of 1800 
psf, and the radius of 13.75 feet (4.19 m) into Equation 36 
resulted in a predicted settlement of 1.47 inches (3.74 cm). 
Though not as close to the observed settlement as the predic­
tion obtained from the stress-path method, this method still 
produced, in this case, a much better estimate of field behav­
ior than that produced by one-dimensional consolidation 
theory. 
Case Study  II 
A second comparison of two methods of settlement predic­
tion- -conventional one-dimensional consolidation theory, 
and stress-path method--was made possible through the cooper­
ation of Woodward-Clyde Consultants of Omaha, Nebraska, and 
the Farmers Cooperative Elevator of David City, Nebraska, 
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who together provided numerous soil samples and the results 
of a subsurface investigation from the site of grain storage 
silos under construction at David City, Nebraska. The silos 
will have a capacity of approximately 520,000 bushels and 
will rest on a rigid, 4 foot (.1.2 m) thick mat 140 feet by 
66 feet in plan (42.7 m by 20.1 m), as shown in Figure 19. 
Embedded 4 feet (1.2 m) in the ground, the mat will have a 
net soil pressure of 4600 psf (220 kPa). Subsurface soils 
consist of low density loess overlying dense, glacial clay 
till present at a depth of approximately 55 feet (16.7 
meters). 
Figure 20 presents a generalized subsurface profile of 
the site (Section A-A), and shows the locations from which 
samples were obtained (Step 1 of the stress-path method 
procedures), as indicated by black, rectangular symbols. 
Also shown are the layers into which the subsoil was divided 
on the basis of soil properties. In situ vertical stresses 
for each specimen were calculated (Step 2) on the basis of 
unit weight data tabulated in Woodward-Clyde's report 
concerning the project. 
Final design stresses are a function of the existing over­
burden pressure and the anticipated increase in vertical 
stress, which is given by an appropriate elastic solution. 
Because no single elastic solution exactly models the field 
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conditions and geometry, more than one solution may be tried. 
Different values of final design stresses may be anticipated 
at a point depending upon which elastic solution is believed 
most appropriate. The final design stress is an input param­
eter to the computer program governing the test and must be 
at least as great as the sum of the largest value given by 
any solution plus the overburden pressure. This requirement 
stems from the fact that, after the final design state of 
stress is reached, application of foundation loads is no 
longer modeled. Instead, the test is conducted in such a 
manner that the failure state of the soil may be more quickly 
and easily studied. An artificially high value of final 
design stress was therefore used in each case as input to 
the computer program governing the test so that different 
elastic solutions could be properly applied. 
Incremental triaxial shear tests were performed using 
representative specimens (Step 3}, and the stress-strain 
relationship determined from each specimen was plotted 
(Step 4). Initial and final strains were determined (Step 
5) as, for example, in Figure 21, from sets of stresses and 
strains as each specimen may have several different sets of 
stresses depending upon the type of analysis used. 
After determining the thickness of each layer (Step 6), 
one calculates the settlement (Step 7) as the product of 
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the thickness and the difference in strains. The following 
calculations serve to illustrate the procedure for the fourth 
layer on the basis of an elastic solution for stresses at 
the center of a rigid, rectangular foundation provided by 
Butterfield and Banerjee (4): 
Thickness = 5 feet = 60 inches 
In situ stress = 12.1 psi 
Net bearing pressure = 4600 psf = 31.9 psi 
Influence coefficient = 0.58 
Design stress = 30.7 psi 
Initial strain (Figure 21) at a stress of 12.1 psi = 0.67% 
Final strain (Figure 21) at a stress of 30.7 psi = 3.04% 
Settlement contributed by layer 4 = (.0237)(60) = 
1.42 inches 
Tables 1 and 2 present similarly calculated values from 
all other layers considered in the analysis of stresses 
beneath the center and beneath the corner of the structure, 
based upon incremental triaxial shear test data. The two 
values of estimated total settlement are so close to one 
another that the predicted settlement may be taken as being 
equal to 12.25 inches (31.1 cm). This coincidence arises 
because of the nature of the distribution of stress incre­
ments given by the elastic solution which gives different, 
but self-compensating results at the center and corners of 
Table 1. Settlement analysis of rigid mat using stresses at the corner and incre­
mental triaxial shear test data. 
Sample In Situ Initial Design Final Thickness Settlement 
Depth Stress Strain Stress Strain (feet) (inches) 
(feet) (psi) (%) (psi) (%) 
4.25 6.5 0.56 32.3 3.79 6 2.3 
9.0 8.5 0.67 34.2 5.7 5 3.0 
14.25 10.5 0.91 29.8 5.35 5 2.7 
19.25 12.1 0.67 28.2 2.6 5 1.2 
24.25 14.0 1.07 26.2 3.95 6 2.1 
33.75 17.7 0.75 27.3 1.12 22 1.0 
Total Settlement 12.3 
Table 2. Settlement analysis of rigid mat using stresses at the center and incre­
mental triaxial shear test data. 
Sample In Situ Initial Design Final Thickness Settlement 
Depth Stress Strain Stress Strain (feet) (inches) 
(feet) (psi) (%) (psi) (%) 
4.25 6.5 .56 22.6 2.45 6 1.4 
9.0 8.5 .67 25.2 3.42 5 1.7 
14.25 10.5 .91 28.5 4.90 5 2.4 
19.25 12.1 .67 30.73 3.04 5 1.4 
24.25 14.0 1.07 32.63 5.70 6 3.3 
33.75 17.7 0.75 35.4 1.51 22 2.0 
Total Settlement 12.2 
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the structure. 
The data presented in Tables 3 and 4 were obtained using 
the same elastic solutions and disposition of layers, but 
was based upon oedometer test data provided by Woodward-
Clyde. Again the difference between these two estimates of 
total settlement for the center and the corner is very small, 
and the results are nearly the same as those estimated from 
incremental triaxial shear test data and presented in Tables 
1 and 2. However, there is a lack of correlation between 
triaxial and oedometer estimates of settlement for individual 
layers. The stress-strain relationships presented in Figure 
17 are from this same data and indicate that close estimates 
should be anticipated due to the similarity between the three 
curves. Most likely the reason for the variations between 
individual layers is in subdivision of the oedometer test 
data, with the net result that total settlement estimated by 
the procedures is the same. 
Summary 
It is desirable that a test procedure to be used in pre­
dicting settlement be brief and inexpensive, and result in 
estimates of settlement which are just slightly conservative. 
The proposed incremental triaxial shear test procedure is 
brief--a single test requires no more time to perform than 
a single conventional triaxial shear test. More importantly. 
Table 3. Settlement analysis of rigid mat using stresses at the center and oedo-
meter test data. 
Sample In Situ Initial Design Final Thickness Settlement 
Depth Stress Void Stress Void (feet) (inches) 
(feet) (psi) Ratio (psi) Ratio 
4.25 6.5 1.080 22.6 1.020 6 2.1 
9.0 8.5 1.070 25.2 1.010 5 1.7 
14.25 10.5 1.000 28.5 0.940 5 1.8 
19.25 12.1 0.995 30.73 0.933 5 1.2 
24.25 14.0 0.990 32.63 0.925 6 1.6 
38.0 19.6 0.725 36.3 0.700 22 3.8 
Total Settlement 12.2 
Table 4. Settlement analysis of rigid mat using stresses at the corner and oedo-
meter test data. 
Sample In Situ Initial Design Final Thickness Settlement 
Depth Stress Void Stress Void (feet) (inches) 
(feet) (psi) Ratio (psi) Ratio 
4.25 6.5 1.080 32.2 0.989 6 3.2 
9.0 8.5 1.070 34.2 0.980 5 2.6 
14.25 10.5 1.000 29.8 0.937 5 1.9 
19.25 12.1 0.995 28.2 0.941 5 1.6 
24.25 14.0 0.990 26.2 0.950 6 1.5 
33.75 17.7 0.725 27.3 0.715 22 1.5 
Total Settlement 12.3 
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only a few hours are required in order to obtain the results, 
rather than several days as in the case of oedometer tests. 
The proposed test is inexpensive as compared to the oedometer 
test in that it requires less labor. The computer required 
to perform the calculations need not be expensive (a very 
suitable one is on the market for $800) and can be used to 
perform many other labor-saving functions in a testing 
laboratory or engineering office. A larger investment will 
allow the automation of the test, further reducing the 
required labor. 
Even more promising is the fact that settlement analyses 
based upon incremental triaxial shear test data appear to 
give more accurate, but still slightly conservative results. 
In the case of the settlement analysis for the Oxford stand-
pipe, settlement to date has been 0'. 5 inches (1.3 cm). The 
estimate of settlement based upon incremental triaxial shear 
test data was 0.8 inches (2.0 cm), and the corresponding 
value from oedometer test data was 4 to 6 inches (10.2-15.2 
cm). Obviously, the result of the analysis based upon 
incremental triaxial shear test data was much more accurate 
than that based upon oedometer data, but still slightly 
conservative. 
Both methods give the same result in the case of the 
David City grain elevator. Again, this is encouraging, 
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because oedometer tests have been shown to be accurate in 
many cases, in particular for normally consolidated, 
saturated soils such as at this site. Hence, the two methods 
must agree on some occasions if the proposed procedure is to 
be validated. 
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Soil Strength Parameters - Cohesion and 
Angle of Internal Friction 
Incremental triaxial shear tests conducted for the pur­
pose of determining soil strength parameters produce stress 
paths with a characteristic pattern composed of three 
distinct, roughly linear segments, as shown in Figure 22a. 
This stress path reflects the three conditions imposed 
upon the soil-- anisotropic consolidation with zero lateral 
strain, compression with minimal shear strain, and shear at 
failure. The first break in the stress path is produced 
when the axial stress exceeds the in situ vertical stress, 
which causes a change in the sequence of instructions ex­
ecuted by the computer program. This break in the stress 
path thus is preprogrammed through input of the in situ 
vertical stress. 
The second break in the stress path is not preprogramed 
but is a result of a dramatic change in soil deformation 
behavior (soil properties), and thus has great physical 
significance. 
The mechanism which causes the second break in the stress 
path is yielding of the soil structure in the form of substan­
tially increased shear deformations. Presented in Figure 22b 
are the relationships between axial stress and all three 
components of strain--axial, radial, and volumetric--obtained 
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Figure 22a. Stress path from an incremental triaxial 
shear test. 
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Figure 22b. Relationship of axial stress to axial, radial 
and volumetric strain from the same 
incremental triaxial shear test. 
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from the incremental triaxial shear test corresponding to 
the stress path shown in Figure 22a. The points correspond^ 
ing to breaks in the stress path are also indicated on 
Figure 22b with symbols, allowing one to identify these 
points in Figure 22b. 
Study of these two figures reveals that the point of in­
crease in the rate of development of radial and axial strain 
coincides with the second break in the stress path. Relative­
ly little shear strain occurs during the second segment of 
the stress path even though substantial shear stresses 
develop. At stress states corresponding to the third segment 
of the stress path, however, much larger increases in shear 
strain are recorded. 
Another demonstration of this type of behavior is provided 
in Figure 23, which presents the stress path from a test of 
a dense, silty clay of low moisture content. Owing to the 
shallow depth of the sample, the in situ vertical stress is 
very low, and the portion of the stress path very short. 
The second leg of the stress path is long and reasonably 
straight, becoming less steeply inclined as it nears what is 
taken to be the line. Finally, a third segment of stress 
path develops which is characterized by improved linearity 
and distinctly different inclination to the abscissa. The 
improved linearity is attributed to the fact that the 
occurrence of erroneous volume change readings become less 
p = ^3) /2 (psi) 
Figure 23. Stress path from an incremental triaxial shear test. 
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likely as confining pressure increases. 
It has been previously mentioned that f(u) must take on 
values during the second segment of the stress path such 
that the effective stress ratio is bounded by zero and K^. 
The very steep slope (low fCy)) of second segment stress 
paths indicates that this criterion has been met by the 
test procedure. It is noted that this same criterion 
applies to the third segment of the stress path as well, 
and that it is questionable whether or not f(p) is less than 
during this stage due to the flat slope of the stress 
path. The consequence of using values of fCy) greater than 
would be that the test would grind on with the stress 
path never reaching the line. To insure that this is 
not the case, each value of f(y) is arbitrarily halved by 
the computer after the axial stress is found to exceed the 
design vertical stress. Hence, when the purpose of the test 
is to determine shear strength parameters, the value of 
design vertical stress given to the computer should be the 
same as the in situ vertical stress. 
Prior to actually conducting incremental triaxial shear 
tests, the test procedure was not thought of as being a 
means of determining shear strength parameters, but was 
conceived only as a means of estimating settlement and de­
termining soil moduli for use in finite element solutions. 
After several tests had been conducted and their stress 
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paths plotted, it became apparent that, under certain 
conditions, values of soil cohesion and angle of internal 
friction might be determined as well, but from a single 
test. This feature of the test arises from two facts: 
a) the stress path is a function of the soil properties 
which are measured throughout the duration of the test, and 
b) the Mohr-Coulomb failure envelope in the form of the 
line presents a physical restraint, or upper boundary, to 
the stress path. Since the stress path has been made a 
function of the variable soil properties, the stress path 
itself will reflect changes in these properties. 
As the stress path nears the line, the soil approaches 
the failure state. As would be expected, a distinct change 
in the deformation behavior of the soil occurs, causing a 
correspondingly distinct change in slope of the stress path. 
That is, when the stress path encounters the line, it 
can advance no further at the same slope upward. Applica­
tion of a small increment of confining pressure shifts the 
stress path horizontally to the right a small distance, 
placing the stress point below the line again. Additional, 
axial stress is allowed to develop, advancing the stress path 
upward and to the right until it again encounters the 
line. Repetition of this process advances the stress path 
and delineates the line. An equation for the line can 
then be obtained through a simple linear regression analysis. 
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from which one can extrapolate the soil cohesion and 
measure the angle of internal friction through the relation­
ships presented earlier in Figure IC. 
The process just described resembles a non-standard test 
procedure referred to as stage triaxial shear testing. 
Stage triaxial shear tests involve the repeated consolidation 
and shear of a single sample, and result in a set of failure 
stresses for each cycle. The test procedure is not generally 
accepted because soil structure and cohesion are perhaps de­
stroyed by failure of the sample at the end of the first cy­
cle. Subsequent failure stresses are reasoned to be unrepre­
sentative, leading to erroneous results. This is a strong 
argument for rejecting the concept of stage triaxial shear 
tests, especially when one considers that commonly-employed 
failure criteria involve total development of shear resist­
ance on a plane. That is, by the time the failure criterion 
is satisfied, the specimen has been so deformed and altered 
that subsequent application of additional confining pressure 
can do little to reestablish any semblance of original 
structure. The two commonly-employed failure criterions are 
maximum deviator stress or deviator stress at some arbitrary 
axial strain. Each criterion results in large strains and 
is only indicative of ultimate shearing resistance. 
The failure criterion used in the proposed test procedure 
is actually a flow criterion built into the scheme for 
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incrementing confining pressure which is "satisfied" when 
the incremental shearing strain - Ae^) becomes large. 
This type of criterion is very sensitive because it signals 
the start of shear failure, rather than the peak develop­
ment of shear resistance. Hence, the argument used against 
stage triaxial shear tests is not as applicable in the case 
of the incremental triaxial shear test. 
The examples of stress paths which have been presented 
are typical of the results which can be obtained from the 
test procedure when undisturbed specimens are used. Al­
though these particular stress paths are based upon total 
stresses, other test data indicate that the same general 
behavior is exhibited by stress paths based upon effective 
stresses. Thus, for saturated soils it appears that both 
the soil shear strength properties and compressibility may 
be investigated by performing only incremental triaxial 
shear tests. However, in the case of unsaturated soils 
having negative pore pressures, saturation is ordinarily 
performed to alleviate apparent (or capillary) cohesion. 
Similarly in saturated specimens, effective stress sQil 
strength parameters can only be determined when pore pressure 
can be determined or is known to be zero. This generally 
means saturation of the specimen and undrained conditions--
two factors which are incompatible with settlement analyses. 
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As a result, unless pore pressures are known to be zero, 
separate incremental triaxial shear tests must be performed 
in order to determine the compressibility and shear strength 
parameters of a soil. 
This is not to say that the incremental triaxial shear 
test can not be modified to provide shear strength parameters 
on an effective stress basis from a test of a single specimen, 
which would reduce the effort of physical testing by a factor 
of three. Indeed, the procedure may be applied equally well 
to saturated specimens under undrained conditions, and can 
provide a more realistic pore pressure parameter as well. 
Perhaps more importantly, use of such a test procedure 
would eliminate the need to obtain "matched" samples and a 
great deal of subjective interpretation, since a set of 
parameters could be obtained from single specimens, allowing 
an engineer to evaluate the range of values for a site. 
These values would probably be conservative in comparison 
with results from conventional triaxial shear tests because 
of the use of a more sensitive failure criterion. However, 
analyses based upon these values should be less conservative 
and much more accurate than those based upon values obtained 
from the commonly-employed unconfined compression test. 
The strength parameters determined from the test data of 
undisturbed specimens. Figures 22 and 23, are very reasonable. 
Likewise, the logic underlying the determination of these 
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parameters is consistent with theoretical soil mechanics. 
It is desirable that a comparison be made of the shear 
strength properties determined from incremental triaxial 
shear tests with those from conventional triaxial shear 
tests. Presented in Figure 24, are stress paths from two 
incremental triaxial shear tests, and three Mohr circles 
from conventional triaxial shear tests of remolded soil. 
Specimens having a moisture content of 16 percent were com­
pacted to a dry density of 116 pcf. Conventional triaxial 
shear tests were performed under drained conditions at con­
fining pressures of 5, 20, and 30 psi. The corresponding 
Mohr circles are based upon a failure criterion of deviator 
stress at 15 percent axial strain, since all specimens 
failed by bulging rather than failure on a single plane. 
The Mohr-Coulomb failure envelope determined on the basis 
of the three conventional tests is thus quite arbitrary. 
Unfortunately, a third stage of stress path did not develop 
in the incremental tests. In one case the stress path did 
not advance far enough to encounter the indicated line. 
The other stress path did cross the line, but the 
specimen had been strained well beyond 15 percent by the 
time the stress path reached the arbitrary failure envelope. 
Thus no direct soil parameter comparisons can be drawn, 
perhaps because of the use of remolded samples with consequent 
loss of soil structure. The compacted specimens appeared to 
Figure 24. Two incremental triaxial shear test stress paths and 
three Mohr circles from conventional triaxial tests 
of remolded soil. 
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be much less stiff than soil in it's natural state. 
While no conclusions can be drawn from the tests of 
remolded soil, it seems likely on the basis of the reason­
able values which have been obtained, that good correlations 
will be obtained from tests of suitable undisturbed soil 
specimens. A carefully conducted laboratory research 
program using the proper equipment and suitable soil types 
must be performed if this evidence is to be obtained. 
In a previous discussion, it was assumed that, if strength 
parameters were independent of stress path, a stress path 
controlled type of test should produce useful shear strength 
data. If this assumption is incorrect, it is clear that 
the results of conventional tests are then in question, and 
not data from incremental triaxial shear tests. This is so 
because the test procedure which follows most closely the 
field stress path will produce the most realistic strength 
parameters. Thus, incremental triaxial shear tests are 
reasoned to be a superior means of determining shear strength 
properties, even if they are allowed to revert to a conven­
tional test after the design stress state has been reached, 
allowing the determination of only one set of failure 
stresses. If it is shown through subsequent research that 
soil strength parameters can be determined from only one 
test, so much the better. 
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Soil Moduli - Application to the Finite Element Method 
The most obvious application of the proposed test proce­
dure lies in the area of the finite element method. Develop­
ment of the finite element method in the field of soil 
mechanics has progressed very rapidly in the past ten years. 
For example, techniques now exist for analyzing two- and 
three- dimensional stress problems involving nonlinear 
geometry (large displacements), nonlinear material proper­
ties, inter-element slip, cracking, excavation, and con­
struction sequencing. Consolidation and seepage problems 
may also be easily solved with this method. This development 
has progressed to the point that further increases in the 
usefulness of the method are now limited not by deficiencies 
in the techniques themselves, but by our ability to determine 
the constitutive (stress-strain) relationship of the soil. 
The problem is that present methods of determining this 
relationship (primarily on the basis of triaxial shear 
tests), though very sophisticated, induce soil behavior 
that is inconsistent with that being modeled in the finite 
element method. Finite element methods now recognize non­
linear behavior, but fail to consider that such stress-
strain behavior is stress path dependent. Explanation of 
this statement of the problem requires a brief examination 
of the aspect of the finite element method that deals with 
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the constitutive relationship. This will be in the most 
general terms and the interested reader is encouraged to find 
more thorough discussions of the method in texts such as that 
by Desai and Abel (5) and Zienkiewicz (22). 
Most of the finite element method programs in use today 
were developed on the basis of what is referred to as the 
"load-deformation" formulation. In this formulation, the 
body is first divided into a number of parts, or elements, 
each element being defined by a number of points, or nodes. 
The problem is formulated on the basis of a set of known 
loads applied to certain nodes, and the unknown displacements 
of each node; hence, the term "load-deformation". This formu­
lation results in the formation of one matrix and two vectors 
(a one-dimensional matrix) for each element in the body, as 
shown below: 
[k]{q} = {r} (37) 
The vector {r} is referred to as the nodal load vector because 
it contains the known loads which have been applied to the 
body through the nodes. The vector {q} is referred to as the 
nodal displacement vector and represents that which we are 
trying to find; i.e., the displacement of each node. The 
heart of the finite element method lies in the matrix [k], 
referred to as the element stiffness matrix. This matrix 
represents the geometry and material properties of the element. 
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and is influenced by decisions regarding the supposed behavior 
of the body. For example, if a pinned frame were being 
modeled, the displacements at nodes common to two elements 
would be equal, but the corresponding slopes would not be the 
same. However, if the frame had rigid connections (greater 
stiffness), slopes as well as displacements would be equal at 
common nodes, and a much different element stiffness matrix 
would result. 
The element stiffness matrix can be defined mathematically 
in the following manner: 
[k] [B]T [C] [B] dv (38) 
where 
[B] = transformation matrix 
T [B] = transposed transformation matrix 
[C] = material property matrix 
J^..dv = integral over volume of the element 
The transformation matrix [B] embodies all of the proper­
ties of the element stiffness matrix with the exception of 
material properties, and is therefore not of concern here. 
Rather, our interest lies with the material property matrix 
[C], which can be shown to be a transformation matrix as well. 
That is, it can be used to transform stresses into strains as 
shown below: 
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{ e }  =  [ C ] { a }  C 3 9 )  
where 
{e} = vector of strains 
{a} = vector of stresses 
Assuming a three-dimensional problem, these three matrices 
may be multiplied and expanded in terms of a cartesian 
coordinate system: 
= {o^ - V (Oy + a^)} /E (40) 
Ey = {Oy - V (a^ + } /E (41) 
= {^2 - V (a^ + Cy)} /E (42) 
The presence of these equations in the formulation of the 
finite element method means that the effect of Poisson's 
ratio is fully modeled in this numerical technique. That 
is, a stress acting in, say, the z direction will induce 
strains, and therefore stresses, in both the x and y 
directions as well. This modeling is completely ignored in 
the shear stage of conventional triaxial shear test proced­
ures because constant confining pressures are used; thus, 
constitutive relationships determined from conventional 
triaxial shear tests are inconsistent with the finite element 
method, because the soil behavior being measured differs 
from that being modeled. 
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It can be seen that, since Equations 40, 41, and 42 are 
precisely equal to Equations 11, 12, and 13 (the basis of 
the theoretical development o£ the proposed test procedure), 
the incremental triaxial shear test is consistent with the 
formulation of the finite element method. The two methods 
are consistent, that is, within these two approximations: 
a) stress conditions within the soil specimen are axisym-
metric rather than true triaxial, and b) lateral pressure 
development is periodic rather than continuous. 
The compatibility of the incremental triaxial shear test 
and the finite element method can be appreciated even more 
when one considers how the finite element method models non­
linear behavior in the "load-increment" method. This tech­
nique can be summarized as follows: 
1. Apply a fraction of the total load (an increment of 
load) to the body. 
2. Solve the problem (obtain displacements) using the 
initial tangent modulus from the stress-strain rela­
tionship . 
3. Compute the strains in each element of the body. 
4. Apply a second load increment. 
5. Solve the problem again (obtain new displacements) 
taking the modulus as being equal to the slope of 
the line tangent to the stress-strain curve at the 
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strain level determined from the previous solution. 
6. Compute the new strain in each element. 
7. Repeat Steps 4 thru 6 until the total load has been 
applied. 
An advantage of this technique is that ideal elastic and 
ideal plastic behavior, as well as all of the intergrades, 
may be treated. This procedure is analogous to that used in 
the incremental triaxial shear test in that both involve a 
piece-wise continuous approximation of a nonlinear stress-
strain relationship. 
The proposed test procedure and the finite element method 
have been shown to be consistent in terms of their theoreti­
cal development and in the manner in which nonlinear be­
havior is modeled. Because of what is considered to be 
better modeling of soil behavior in the laboratory, there is 
great promise that better finite element solutions may be 
obtained. 
Besides holding promise of better finite element method 
solutions, the procedure eliminates the need for the 
computer to evaluate soil properties through interpolation 
between shear tests conducted at different confining pres­
sures. Consider the case of the hyperbolic stress function, 
a method of approximating the stress-strain relationship 
of soil .as determined by conventional triaxial shear tests. 
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Proposed by Janbu [11) and thoroughly developed and tested 
by Duncan and Chang (6) , this method is cited because of 
its sophistication and widespread use in conjunction with 
finite element method analyses. 
Presented in Figure 25 is a typical stress-strain rela­
tionship of soil as determined from a conventional triaxial 
shear test. Superimposed on the plot is the coordinate 
system used in the development of the hyperbolic stress 
function. As noted, the axes have been displaced from the 
origin of the plot by the amounts a and 3, making the two 
axes asymptotes of the extended stress-strain relationship. 
Because of the characteristic shape of these stress-strain 
relationships, hyperbolas defined by a and 3 can approximate 
many of them very accurately. The method includes as well 
a means of describing the failure criteria in terms of this 
same function; thus, the method is quite sophisticated. 
If there were only one stress-strain relationship for a 
soil, the problem would be quite simple; however, stress-
strain relationships determined from triaxial testing are to 
a very great extent dependent on the level of confining 
pressure employed. An infinite number of such relationships 
could, therefore, be determined. In practice, only a small 
number of tests are performed, and an interpolation scheme 
must be employed in order to account for varying levels of 
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Figure 25. Geometric relationship between coordinate 
systems used in describing the hyperbolic 
stress function. 
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confining pressure. While such interpolation introduces 
error, much greater errors arise from the use of constant 
confining pressures and improper stress ratios. 
Because the incremental triaxial shear test produces a 
unique stress-strain relationship, the need to interpolate 
between curves is eliminated. In addition, stress ratios 
are automatically maintained at appropriate levels during 
the test; hence, both the errors associated with inter­
polation and improper stress ratio are reduced. 
In the conventional triaxial test, a uniaxial stress is 
applied to a specimen initially subjected only to isotropic 
stress. Young's modulus is defined in this case as the 
ratio of increase in axial stress (increase in deviator 
stress, since confining pressure is held constant) to 
increase in axial strain. Young's modulus is defined in the 
incremental triaxial shear test by Equation 16, while 
Poisson's ratio is defined by Equation 23. Noting that 
equals a in the triaxial shear apparatus. Equation 16 can 
be simplified as shown below: 
E = (Aa^ - ZvAa^) (43) 
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Poisson's ratio is included in this expression, and must be 
evaluated first using Equation 23: 
Aa_ A E , - Aa. A E _  
V = — (44) 
AOgCAE^ - ZAEg) + Aa^ AE^ 
It was noted earlier that an appropriate value for 
Poisson's ratio could not be determined for a cycle. Con­
sidering several cycles, however, such a value can be deter­
mined because the confining pressure applied over several 
cycles is consistent with the amount of axial stress which 
has developed. 
It is noted that the determination of soil moduli under 
the uniaxial stress conditions imposed during the shear 
stage of conventional triaxial shear tests, and their 
application to two- and three-dimensional problems, repre­
sents an extrapolation. This practice is probably justified 
in the case of linear-elastic materials such as steel, 
because the superposition of strains is realistic for such 
a material. However, this is not a justifiable extrapola­
tion in the case of nonlinear soil behavior. Soil moduli 
are determined under biaxial or quasi-triaxial stress 
conditions in the incremental triaxial shear test, avoiding 
the use of such an extrapolation. Duncan and Chang (6) 
note the appropriateness of Lambe's stress path test as a 
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means of determining soil moduli, but conclude that a 
simplified, "practical" stress-strain relationship can be 
determined from conventional triaxial shear tests (hyper­
bolic stress function). Duncan and Chang also conclude 
that this method "takes into account the nonlinearity, 
stress-dependency and inelasticity of soil behavior." The 
small degree to which such tests consider these factors 
does not justify their use when better, more economical 
test procedures are available. 
Presented below are test data corresponding to the 16th 
and 36th data point in the stress path of Figure 22 . These 
data are used in the example of the evaluation of Poisson's 
ratio and Young's modulus, which follows. 
Final axial stress = 63.8 psi 
Initial axial stress = 44.3 psi 
Change in axial stress = 19.5 psi 
Final lateral pressure = 24.6 psi 
Initial lateral pressure = 17.8 psi 
Change in lateral pressure = 6.8 psi 
Final axial strain = 7.64 % 
Initial axial strain = 2.05 % 
Change in axial strain = 5.59 % 
Final radial strain = -2.11 % 
Initial radial strain = -0.21 % 
Change in radial strain = -1.9 % 
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(6 . 8) CO . 0559) - (.19 . 5) C- . 019) 
V = 
(6.8){0.0559-2(-.0019)} + (19.5)(0.0559) 
= 0.434 
E = {19.5-2(0.434)(6.8)} / 0.0559 = 243.2 psi 
The number of cycles included within each determination 
is arbitrary, the larger the number, the greater the 
smoothing but the lesser the sensitivity to change. Five 
cycles have been used in the current research, but more 
extensive studies must be made of this aspect before guide­
lines can be set. 
A relationship exists between Poisson's ratio and axial 
stress as shown by the data in Figure 26, which corresponds 
to the stress path presented in Figure 22a. The ratio 
decreases until the axial stress reaches the in situ stress, 
which is 17.7 psi in this case, and then increases nearly 
reaching the theoretical limit of 0.5 representative of 
zero volume change. This relationship, represented by a 
mathematical expression involving Poisson's ratio and 
maximum principal stress, is the input to the finite 
element method computer program. 
A relationship exists between Young's modulus and axial 
stress as well, as shown in Figure 27. It can be seen from 
the variations in this graph that the soil performance was 
quite nonlinear, in spite of the linear relationship 
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Figure 26. Relationship of Poisson's ratio to axial stress in an 
incremental triaxial shear test. 
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Figure 27. Relationship of Young's modulus to axial stress in an 
incremental triaxial shear test. 
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presented in Figure 22b between axial stress and strain, 
with data from the same test. Also, it is noted that the 
modulus increases during isotropic consolidation even 
though shear stress is allowed to develop, showing that 
the effects of consolidation overshadow the effect of the 
shear stress at below the in situ stress state. 
An expression analogous to that developed for Poisson's 
ratio may be used to represent Young's modulus in the 
computer program. The soil moduli which have been presented 
have very realistic values and do not differ greatly from 
reported values or trends. They hopefully will provide 
more accurate solutions to finite element solutions. 
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DETAILS OF THE INCREMENTAL TRIAXIAL 
SHEAR TEST PROCEDURE 
Certain features must be present on a triaxial apparatus 
if incremental triaxial shear tests are to be performed with 
the unit. Most of these items are found on a standard test 
device in one form or another; indeed, the apparatus used 
in the current research was not modified in any way. How­
ever, it is desirable that these features be of a type best 
suited to the nature of the proposed test procedure. 
Principally, this means that the confining pressure must be 
applied and measured with an accuracy of approximately 
0.33 psi (2.3 kPa). Such precision allows reading to be 
taken frequently, leading to a closer approximation of the 
continuous development of lateral stress encountered in the 
field. The pressure gauge is thus a component of great 
importance and must be capable of satisfying this guide­
line. A good quality air-pressure regulator or a self-
compensating mercury standpipe system is also required. 
High pressures are not generally needed, but rapid, precise 
response must be provided by the system within the range of 
0 to 50 psi (345 kPa). It is desirable that all tubing 
used in a system be made of relatively rigid material, and 
be of the shortest length possible in order to minimize lag 
and systematic errors. 
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It is possible that a hand calculator such as a Hewlett-
Packard 67 or a Texas Instruments 59 could be used to conduct 
the proposed test. Indeed, an early version of the test was 
conducted using a Hewlett-Packard 65 calculator. However, a 
low-cost micro-computer is the obvious choice of machine. 
These machines are more easily programmed, allow permanent 
storage of test data, and allow sufficient program space 
for error checking routines. While gross errors in reading 
or recording test data in conventional tests can usually be 
spotted and accounted for without penalty in terms of 
quality of test results, the same is not true for incremental 
triaxial shear tests. Each reading affects all subsequent 
readings; hence undetected gross errors can not be tolerated. 
Computer programs should contain routines which help the 
operator detect and correct such errors before proceeding to 
the next cycle. Routines should be included which evaluate 
the reasonableness of the reading. For example, axial 
strain measurements will never show movement other than 
axial compression unless the corresponding dial gauge has 
been read improperly. The computer can easily check this 
and alert the operator to the fact that there is an error. 
Readings should be made as frequently as possible under 
the limitation that a) some axial strain must occur, and 
b) sufficient axial stress must be allowed to develop in 
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order that a reasonably large increment of confining 
pressure will be calculated. That is, if the axial strain 
indicator has not moved, the deformation modulus becomes 
infinite, causing the computer to abort the program. Also, 
the increment of confining pressure should be no smaller 
than the smallest division on the pressure gauge. It is 
preferable that cycles be longer than needed, rather than 
shorter. The operator quickly develops a sense of timing 
for making measurements, considerable latitude is present 
in the system, and it is a very easy test to conduct. Com­
puter programs have been written for conducting both drained 
and undrained tests and are presented in Appendix B. They 
differ only in the fact that the program for drained tests 
considers drainage volume but not pore pressures, while 
that for undrained tests is just the opposite. A list of 
terms and their corresponding symbols follows the programs. 
The program language is DEBBI (Disk Extended Basis by ICOM) 
and is intended to be run on a SOL-20 micro-computer 
(Processor Technology) coupled with a floppy disk mass-
storage system (ICOM). All of the formulas used in the 
program are present or discussed in this text or in the 
textbook written by Bishop and Henkel (2). The only excep­
tion has to do with systematic error, which is particular 
to the triaxial apparatus being operated and its current 
calibration. 
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SUMMARY AND CONCLUSIONS 
A method of triaxial shear testing has been introduced 
which attempts to improve upon the prediction of settlement 
and the determination of soil properties through more 
realistic modeling of soil behavior. The modeling is im­
proved by following stress paths reasoned to be more repre­
sentative of field stress conditions and controlled by the 
deformation behavior of the soil and a scheme for increment­
ing confining pressure. This scheme was obtained through 
theory of elasticity applied on an incremental basis, and 
an assumption concerning the relationship between strain 
ratio and Poisson's ratio within a soil mass. The scheme 
is implemented by making appropriate measurements which 
become input data to a computer program which determines 
what the current level of confining pressure should be. 
The stress path is thus made a function of the performance 
of the soil during the test, eliminating the arbitrary 
selection of constant coefficients used in conventional 
test procedures. The procedure has been shown to be very 
similar to Lambe's stress-path method of estimating settle­
ment, but does not require the use of assumed soil parameters. 
A new pore pressure parameter AI has been defined which 
was derived without the use of the principal of superposition. 
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As such, realistic values of induced pore pressure may 
possibly be obtained from the incremental triaxial shear test. 
Settlement predictions based upon incremental triaxial 
shear test data have been shown to be as good or better 
than those made on the basis of oedometer test data in two 
field test cases. It is concluded that a test procedure for 
estimating settlement must model field stress conditions and 
moisture regime in such a way that soil structure is not 
prematurely destroyed. Inadequate lateral stress during the 
first few load increments could account for the apparent loss 
of structure in oedometer specimens. Time-rate of settlement 
data is not obtained with the proposed test procedure, but 
each test requires only a few hours to conduct, rather than 
days in the case of oedometer tests. 
It has been demonstrated that reasonable values of shear 
strength parameters can be obtained from incremental triaxial 
shear tests of undisturbed specimens. The fact that these 
determinations are made on the basis of a single test 
rather than three gives two major advantages: a) the 
physical effort of testing is reduced by a factor of three, 
and b) the need to obtain "matched" samples is eliminated. 
The failure criterion is a flow criterion built into the 
scheme for incrementing confining pressure. Failure is 
defined by the break in the stress path that corresponds to 
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a dramatic increase in shear strain. Thus, the start of 
shear failure is defined, rather than to use a peak shear 
resistance or, if no peak occurs, a shear resistance at some 
arbitrary value of axial strain. The values of shear 
strength parameters determined from the test are considered 
to be somewhat conservative in comparison with conventional 
shear strength parameters, but less conservative than a (j) = 
zero analysis (unconfined compression tests). While 
corroborating evidence has not yet been obtained, great 
promise exists for this aspect of the proposed test 
procedure. 
The application of the incremental triaxial shear test to 
the problem of determining soil moduli for use in finite ele­
ment method solutions was discussed, and the compatibility 
of this powerful numerical technique with the proposed test 
was demonstrated. It was noted that current practice is to 
determine Young's modulus under conditions of uniaxial 
increase in stress, and then to extrapolate these results to 
other conditions of stress application. A soil's stress-
strain behavior is stress-path dependent; hence, it is con­
cluded that Young's modulus must be determined from a test 
in which an appropriate stress path is followed. Soil moduli 
determined from incremental triaxial shear tests are reasoned 
to be much better because of this and the fact that the 
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effect of Poisson's ratio is modeled. 
Use of the proposed test also eliminates the need to in­
terpolate between tests of varying confining pressure, 
greatly simplifying computer programs and, hopefully, re­
ducing error due to interpolation. The procedure also 
provides a convenient and realistic means of determining 
values of Poisson's ratio; such values are difficult to 
determine in other tests. 
It is concluded that the incremental triaxial shear test 
procedure is of value in conducting settlement analyses, and 
that it has great potential as a means of determining the 
shear strength parameters, soil cohesion and angle of inter­
nal friction. A strong argument exists for employing the 
procedure to determine soil moduli for use in finite element 
method solutions, as well as a pore pressure parameter. 
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RECOMMENDATIONS FOR FURTHER RESEARCH 
It is recommended that further research to conducted in 
three stages: theoretical, laboratory, and field studies. 
All three areas were included in the current research in 
order to ascertain the potential of the test procedure before 
expending a great deal of effort on an unproven concept. 
Having verified this potential in the case of estimating 
settlement, it is now appropriate to perform in-depth 
studies of each of these areas. 
The investigator might consider assuming a relationship 
between incremental strain ratio and Poisson's ratio other 
than that presented in Figure 9 (the tricks came before the 
recognition of this relationship). For example, a linear 
relationship might be more appropriate, especially at a 
high strain ratio. The investigator should alter the com­
puter program to allow all measurable stress states to be 
recorded. 
It is recommended that laboratory studies be conducted 
using both drained and undrained incremental and conventional 
triaxial shear tests. An ambitious program to be sure, but 
required if the test procedure is to be accepted by the 
engineering community. Given the differences in failure 
criteria involved, an exact correlation should not be ex­
pected. One might consider the possibility of allowing the 
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specimen to consolidate for a period of time after reaching 
the in situ stress, rather than to conduct the test uninter­
rupted. This seems appropriate because some strain is 
"carried over" from the consolidation phase into the shear 
phase under the present scheme, contributing to an over-
estimation of settlement. 
Field studies should be conducted to determine the effec­
tiveness of the test procedure as a means of making settle­
ment analyses. This would involve studies such as those 
already in progress, but might include foundation soil types 
other than loess. In particular, clays should be studied 
to allow a comparison of the proposed test and the oedometer 
test, both in the field and in the laboratory. 
It is recommended that simple field studies be performed 
to determine the usefulness of the incremental triaxial 
shear test for obtaining soil moduli for use in finite 
element method solutions. The field tests would involve 
circular plate bearing tests on uniform soil deposits. The 
simple geometry of this test would allow a new mesh to be 
generated for each size of plate by simply including a scale 
factor. Thus, the mesh need only be input once even though 
several different meshes might be used. Use of this test 
would surely induce nonlinear behavior, allowing an assessment 
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of the applicability of the test to this important area 
of soil mechanics. Soil-structure interaction would als 
be involved, making the simple test quite representative 
actual problems encountered in engineering practice. 
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APPENDIX A: 
PRECISION OF THE DETERMINATION OF MEASURED RADIAL STRAIN 
The steel strap measures the change in length of the 
circumference (AC). Circumferential strain is then defined 
as being equal to: 
where 
c Co C, 
C = ttD = Z - r r r  = 2ïï (r +Ar) 
o 
iC . - 2i,r^  _ 4r 
' 2„r " ' ^0 
o 
Since 
_ Ar _ AC 
- î; ' s = 
Circumferential strain is therefore precisely equal to 
radial strain. A change in circumference as small as 0.01 
inches can be measured with the strap; therefore, the preci­
sion of the radial strain measurement can be calculated as 
follows using a typical specimen diameter of 2.85 inches: 
' C; = 27^  = 0.001117 
In terms of percent, the precision of the radial strain 
measurement is 0.11 percent. 
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APPENDIX B: COMPUTER PROGRAMS 
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Computer Program For Drained Conditions 
10 DEFINT I-J:DEFINT L-N:DEFSTR Y-Z:M=70: WIDTH 150 
20 DIM ECM),E1(M),E3(M),EVCM),R1(M),R2CM),BRCM),S1(M),S3CM), 
PT(M),PE(M),QCM),K1(M),K2(M),DRCM),GR(M),PA(M),PA(M),GCM) 
30 DIM EECM),CS(M),C$C20) 
40 YY=" ## ##.# ##.# ##.#" 
50 YZ=" I PT Q SI" 
60 INPUT "ENTER FILE NAME";Y 
70 PI=3.141592654# 
80 TT$="DRAINED" 
90 INPUT "OVERBURDEN PRESSURE";PC 
100 INPUT "FINAL DESIGN PRESSURE";PF 
110 INPUT "SAMPLE HEIGHT";H0 
120 INPUT "SAMPLE DIAMETER";DI 
130 INPUT "INITIAL GAUGE READING";GO 
140 INPUT "INITIAL DIAL READING";DO 
150 INPUT "INITIAL BURETTE READING";U 
160 INPUT "INITIAL STRAP READING";CO 
170 INPUT "START TIME";TS$ 
180 V0=H0*DI*DI*PI/4:1=0:VM=0:PRINT:PRINT 
190 1=1+1 
200 INPUT "GAUGE READING";GR(I) 
210 INPUT "DIAL READING";DRCI) 
220 INPUT "PROVING RING READING"; PAC I) 
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230 INPUT "BURETTE READING";BRCI) 
240 INPUT "STRAP READING";CS(I) 
250 PRINT GRCI);DR(I):PA(I);BR(I);CS(I):PRINT 
260 INPUT "ERRORS";YA 
270 IF YA="Y" THEN 200 
280 CS(I)=(CS(I)-C0)/CPI*DI3 
290 BR(I)=U-BR(I) 
300 IF S3(I-1)<11.785 THEN S=.032 ELSE S=.0264 
310 IF S3(I-1)<11.785 THEN B=0 ELSE B=.066 
320 GG=S*S3(I-1)+B 
330 VC=CG)-GR(I)+GG-(DO-DR(I))/lOOO)*PI/4 
340 E1(I)=(DO-DR(I))/H0/I000 
350 EV(I)=(VC-VM)/VO 
360 E3(I)=SQR((EV(I)+1)/C1-E1(I)))-1 
370 IF E3CI)>=E3CI-1) THEN 390 
380 VM=VC-V0*(C1+E3CI-1))*C1+E3(I-1))*(1-E1CI))-1):G0T0 350 
390 AS=V0/H0*(1+EV(I))/(1-E1CI)) 
400 S1CI)=.94*PACI)/AS+S3CI-1)*C1-PI/4/AS) 
410 R1CI)=(E3CI)-E3CI-1))/(E1(I)-E1CI-1)):R2(I)=E3(I)/E1(I) 
420 IF S1(I)<P0 THEN R3=0 ELSE R3(I-l) 
430 IF S1(I)<PF THEN J=2 ELSE J=1 
440 R=(E3(I)-R3)/(E1(I)-E1(I-1)) 
450 S3(I)=CCS1(I)-S1(I-1))*J*R)/(1-R+2*R*R)+S3(I-1) 
460 IF S3CI)<S3CI-1) THEN S3(I)=S3(I-1) 
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470 EECI)=CS1CI)-S1(I-1)-R1(I)*2*(S3CI)-S3(I-1)))/CE1CI)-E1 
(I-D) 
480 ECI)=CS1CI)-S1CI-1))/CE1(I)-E1CI-1)) 
490 PRINT:PRINT "CONFINING PRESSURE"; S3(I)*.3 : PRINT 
500 QCl)=(SlCI)-S3(I))/2 
510 PTCI)=CS1(I)+S3(I))/2:PECI)=PTCI) 
520 K1CI)=CS3(I)-S3(I-1))/(S1CI)-S1CI-1)):K2CI)=S3(I)/S1CI) 
530 GCI)=ECI)/(2*C1+R1(I)3) 
540 PRINT YZrPRINT USING YY;I;PT(I);Q(I);Sl(I) 
550 INPUT "REPEAT (Y/N)";YB 
560 IF YB="Y" THEN 190 
570 IF YB<>"N" THEN 550 
580 C$C1)="E":C$(2)="E1":C$(3)="E3":C$(4)="EV":C$(5)="R1":C$ 
(6)="R2":C$C73="G":C$(8)="S1":C$C9)="S3":C$(10)="PT";CS 
(19)="EE" 
590 C$Cll)="PE":C$(12)="Q":C$C13)="BR";C$(14)="kl":C$(15)= 
"K2";C$(16)="DR":C$(17)="GR":C$C18)="PA" 
600 C$C20)="CS" 
610 INPUT "FINISH TIME";TF$ 
6 20 L=LEN(TS$)-3:H-VALCLEFT$(TS$,L))*60 
630 H1=H+VALCRIGHT$(TS$,2)) 
640 L=LENCTF$)-3:H2=VAL(LEFT$CTF$,L))*60 
650 IF H2<H THEN H2=H2+720 
660 H2 = H2+VALCRIGHT$CTF$, 2)) 
670 SR=E1(I)/(H2-H1) 
680 OPENW Y 
690 Z="," 
700 M=20 
710 DSKOUT 1;Z;M;Z 
7 20 DSKOUT Y 
730 FOR JJ=1 TO M 
740 DSKOUT C$(JJ) 
750 NEXT JJ 
760 DSKOUT I 
770 FOR N=1 TO I 
780 DSKOUT ECN) 
790 DSKOUT El(N) 
800 DSKOUT E3(N) 
810 DSKOUT EV(N) 
820 DSKOUT R1(N) 
830 DSKOUT R2(N) 
840 DSKOUT G C.N) 
850 DSKOUT SlfN) 
860 DSKOUT S3(N) 
870 DSKOUT PT(N) 
880 DSKOUT PE(N) 
890 DSKOUT QCN) 
900 DSKOUT BR(N) 
910 DSKOUT KICN) 
920 DSKOUT K2CN) 
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9 30 DSKOUT DR(N) 
940 DSKOUT GR(N) 
9 50 DSKOUT PACN) 
960 DSKOUT EE(N) 
9 70 DSKOUT CSCN) 
9 80 NEXT N 
990 DSKOUT VO;Z; PO ;Z;PF;Z;H0;Z;SR;Z;TT$;Z ; Y 
1000 CLOSW 
1010 END 
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Computer Program For Undrained Conditions 
10 DEFINT I-J;DEFINT L-N:DEFSTR Y-Z:M=70rWIDTH 150 
20 DIM ECM] ,E1CM) ,E3(M) ,EV(M]! ,R1CM) ,R2(M) ,PP(M) ,S1CM) ,S3(M) , 
PT(M),PECM),Q(M),A1CM),A2(M),K1(M),K2(M),DR(M),GR(M), 
PACM),GCM) 
30 DIM EE(M),CS(M),C$(22) 
40 YY=" ## ##.# ##.# ##.# ##.###" 
50 YZ=" I PT Q SI SR 
60 INPUT "ENTER FILE NAME";Y 
70 PI=3.141592654# 
80 TT$="UNDRAINED" 
90 INPUT "OVERBURDEN PRESSURE";P0 
100 INPUT "FINAL DESIGN PRESSURE";PF 
110 INPUT "SAMPLE HEIGHT";H0 
120 INPUT "SAMPLE DIAMETER";DI 
130 INPUT "INITIAL GAUGE READING";G0 
140 INPUT "INITIAL DIAL READING";DO 
150 INPUT "INITIAL PORE PRESSURE";U 
160 INPUT "INITIAL STRAP READING";CO 
170 INPUT "START TIME";TS$ 
180 VO=HO*DI*DI*PI/4:I=0 :VM=0 : PRINT:PRINT 
190 1=1+1 
200 INPUT "GAUGE READING";GR(I) 
210 INPUT "DIAL READING";DR(I) 
220 INPUT "PROVING RING READING";PA(I) 
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230 INPUT "PORE PRESSURE";PPCI) 
240 INPUT "STRAP READING";CS(I) 
250 PRINT GRCI);DR(I);PA(I);PP(I);CS(I)rPRINT 
260 INPUT "ERRORS";YA 
270 IF YA="Y" THEN 200 
280 CSCI)=CCSCI)-CO)/CPI*DI) 
290 PPCI)=PPCI)-U 
300 DU=PPCI)-PPCI-1) 
310 IF S3CI-1)<11.785 THEN S=.032 ELSE S=.0264 
320 IF S3CI-1)<11.785 THEN B=0 ELSE B=.066 
330 GG=S*S3CI-1)+B 
340 VC=CG0-GRCI)+GG-CDO-DRCI))/1000)*PI/4 
350 E1CI)=CDO-DRCI))/HO/1000 
360 EVCI)=CVC-VM)/V0 
3 70 E3CI)=SQRCCEVCI)+1)/C1-E1CI)))-1 
380 IF E3CI)>=E3CI-1) THEN 400 
390 VM=VC-V0*CC1+E3CI-1))*C1+E3CI_L))*C1-E1CI))-1):G0T0 360 
400 AS=V0/H0*C1+EVCI))/C1-E1CI)) 
410 S1CI)=.94*PACI)/AS+S3CI-1)*C1-PI/4/AS) 
4 20 R1CI)=CE3CI)-E3CI-1))/CE1CI)-ElCI-1)):R2CI)=E3CI)/E1CI) 
430 IF S1CI)<P0 THEN R3=0 ELSE R3=E3CI-1) 
440 IF S1CI)<PF THEN J=2 ELSE J=1 
4 50 R=CE3CI)-R3)/CE1CI)-E1CI-1)) 
460 S3CI)=CCS1CI)-PPCI)-S1CI-1)+PPCI-1))*J*R)/C1-R+2*R*R)+ 
S3CI-1) 
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470 IF S3(I)<S3(I-1) THEN S3 (I)=S3 ( I-1) 
480 EE(I)=(S1CI)-PPCI)-S1(I-1)+PP(I-1)-R1CI)*2*CS3(I)-S3 
(I-1)))/CE1(I)-E1CI-1)) 
490 E(I)=(S1CI)-PP(I)-S1(I-1)+PP(I-1))/(E1(I)-E1CI-1)) 
500 A1(I)=DU/CS1(I)-S1(I-1)) 
510 A2(I)=PP(I)/(S1(I)+2*S3(I)-3*PP(I)) 
520 PRINT:PRINT "CONFINING PRESSURE"; S3(I)*.3 : PRINT 
530 Q(I)=CSlCIj-S3CI))/2 
540 PT(I)=(S1CI)+S3CI))/2:PE(I)=PT(I)-PP(I) 
550 K1(I)=(S3CI)-S3(I-1))/(S1(I)-S1(I-1)):K2(I)=S3CI)/S1CI) 
560 G(I)=ECI)/(2*C1+R1CI))) 
570 PRINT YZ:PRINT USING YY;I;PT(I);Q(I);S1(I);CS(I) 
580 INPUT "REPEAT (Y/N)";YB 
590 IF YB="Y" THEN 190 
600 IF YB<>"N" THEN 580 
610 C$C1)="E":C$(2)="E1":C$(3)="E3":C$C4)="EV":C$C5)="R1": 
C$(6)="R2":C$C7)="G":C$(8)="S1":C$C9)="S3":C$Ù0)="PT": 
C$C21)="EE" 
62 0 C$C11)="PE":C$(12)="Q":C$(13)="A1":C$(14)="A2":C$C1S)= 
"K1":C$(16)="K2":C$C17)="DR":C$C18)="GR":C$(19)="PA": 
C$C20)="PP" 
630 C$C22)="CS" 
640 INPUT "FINISH TIME";TF$ 
650 L=LENCTS$)-3:H=VAL(LEFT$(TS$,L))*60 
660 H1=H+VAL(RIGHT$(TS$,2)) 
670 L=LEN(TF$)-3:H2=VAL(LEFT$(TF$,L))*60 
680 IF H2<H THEN H2=H2+720 
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690 H2=H2+VALCRIGHT$(TF$,2)) 
700 SR=E1CI)/CH2-H1) 
710 OPENW Y 
720 Z="," 
730 M=22 
740 DSKOUT 1;Z;M;Z;I 
750 DSKOUT Y 
760 FOR JJ=1 TO M 
770 DSKOUT 
780 NEXT JJ 
790 DSKOUT I 
800 FOR N=1 TO I 
810 DSKOUT E(N) 
820 DSKOUT E1(N) 
830 DSKOUT E3(N) 
8 40 DSKOUT EV(N) 
8 50 DSKOUT R1(N) 
860 DSKOUT R2CN) 
870 DSKOUT G(N) 
880 DSKOUT S1(N) 
890 DSKOUT S3(N) 
900 DSKOUT PTCN) 
910 DSKOUT PE(N) 
9 20 DSKOUT QCN) 
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930 DSKOUT Al(N) 
940 DSKOUT A2(N) 
9 50 DSKOUT Kl(N) 
960 DSKOUT K2(N) 
9 70 DSKOUT DR(N) 
980 DSKOUT GR(N) 
990 DSKOUT PAfN) 
1000 DSKOUT PPCN) 
1010 DSKOUT EECN) 
1020 DSKOUT CSCN) 
1030 NEXT N 
1040 DSKOUT VO;Z;PO;Z;PF;Z;HO;Z;SR;Z;TT$;Z;Y 
1050 CLOSW 
1060 END 
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List of Variables Used in the Computer Programs 
VO = original volume 
I = counter 
VM = volume change reading correction 
AS = cross-sectional area of sample 
0.94 = proving ring constant (pounds) 
R3 = previous radial strain = or zero 
R = incremental strain ratio 
P = load measured by proving ring 
SR = strap reading or strain rate 
AR = cross-sectional area of ram 
El(I) = axial strain (positive) 
E3(I) = radial strain (positive) 
EV(I) = volumetric strain (negative) 
E(I) = uniaxial deformation modulus = Aa^,/AE^ 
EE(I) = axisymetric definition of deformation modulus = 
(Aa^' - 2vAa')/Ae^ 
R1(,I) = incremental strain ratio 
R2(I) = strain ratio 
PP(I) = pore pressure 
S1(I) = total axial stress = P/AS + 0^(1 - AR/AS) 
S3(I) = confining pressure 
PT(I) = average of total principal stresses = (a^^ + o^)/2 
PE(I) = average of effective principal stresses = (CT^' + a^^)/2 
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Q(I) = maximum shear stress = - '^•^1'^ = (o^' - a^'^/Z 
A1(I) = ratio of change in pore pressure to change in axial 
stress = Au/Aa^ 
A2(I) = pore pressure parameter AI = u/Ca^ - 2a^ - 3u) 
K1(I) = stress ratio for increment = Ao^'/Aa^' 
K2(I) = stress ratio = 
_ Y 
DR(I) = deflection dial gauge reading (inches x 10 ) 
GR(I) = volume change gauge reading (1.0 inch I.D. Plexiglass 
tube in inches) 
PA(I) = load dial gauge reading 
G(I) = shear modulus = E/{(2)(1 + v)} 
CS(I) = circumferential strain = measured radial strain 
